
NASA Contractor Report CR - 195420

Mars Power System Concept Definition Study

(Task Order No 16)

Volume 2 - Appendices

Franklin D. Littman
Rockwell International Corporation
Rocketdyne Division
Canoga Park, California

December 1994

Prepared for
Lewis Research Center
Under Contract NAS3 25808

NASA
National Aeronautics

Space Administration

and

(NASA-CR-195420-Vol-2) MARS PCWER
SYSTEM CONCEPT DEFINITION STUOY.
VOLUME 2: APPENDICES Final Report

(Rockwell International Corp.)
276 p

N95-21953

Unclas

G3/44 0039170



i

i

i



FOREWORD

This report documents the work performed by Rockwell International's Rocketdyne

Division on NASA Contract No. NAS3o25808 (Task Order No. 16) entitled "Mars Power System

Definition Study." This work was performed for NASA's Lewis Research Center (LeRC). The

NASA LeRC Task Order Contract Technical Manager was Mr. William A. Poley and the Specific

Task Manager was Mr. Robert Cataldo. The Rocketdyne project engineer was Mr. James M.

Shoji.

The report is divided into two volumes as follows:

• Volume 1 - Study Results

• Volume 2 - Appendices

The results of the power system characterization studies, operations studies, and technology

evaluations are summarized in Volume 1. The appendices include complete, standalone

technology development plans for each candidate power system that was investigated.
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APPENDIXA

INTRODUCTION

Thefollowingtechnologydevelopmentplandiscussesthe referencepowersystemdesign

for the U.S.Departmentof EnergyDynamicIsotopePowerSystemprogramand describesthe

developmentprogramneededto deploythis systemas a primarysourceof powerfor lunarand

Mars surface exploration missions. It specifically addresses the development tasks required to

deploy a modular 2.5 kWe DIPS for the First Lunar Outpost mission (FLO), in 1999 and to

design the DIPS module to be compatible with the Martian surface environment.

DIPS technology is suitable for use in both fixed and mobile power applications for the

lunar or Martian surface as well as a reliable power source for space satellites. For fixed bases

and mobile surface power system applications, the current DIPS program has focused on a

standard power module design of 2.5 kWe. Surface power systems in the range of 1 kWe to 20

kWe can be developed from this standard module design.

A variety of potential DIPS remote or mobile applications have been identified by the

National Aeronautics and Space Administration (NASA). These applications include remote

power to science packages, surface rovers for both short and extended duration missions, and

backup to central base power (Ref. A-l). For the scenarios and applications associated with the

Space Exploration Initiative (SEI), a trade study was conducted which resulted in the selection

of a standard power module design as the preferred approach (Ref. A-2). A 2.5 kWe power

level was identified as the optimum module size. This trade study evaluated various cycle design

options, turbine inlet temperature effects, technology readiness levels, development time, as

well as overall power system costs, including delivery and support on the Moon and Mars. The

2.5 kWe power module approach had overall cost, schedule and technical advantages over

application specific designs.

The use of multiple modular power units to supply power needs has many advantages.

Modular units permit the development of a single-size module reducing development costs and it

improving the power availability factor for most applications. These modular units are
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replaceableif a unit failureoccurs. The fuel is simplyremovedfrom the failed unit and reused

in a replacementunit providing a 100% fuel utilization factor with the use of non-fueled

spares. For mobileunits,sufficientcapacitywouldbe installedsuch that if one power module

wereto fail, the mobileunit could return to base.

The modular DIPS design requirements include a 15 year continuous lifetime. The fuel

handling canister is designed for a 45 year life thereby allowing for the reuse of the fuel in

future unfueled DIPS replacement modules. The fuel is transported only once to the destination

and unfuel spare modules are sent as needed for the mission. After the initial 15 year lifetime,

the output power level would decrease at the rate of 0.8% per year down to 2.2 kWe at 30 years

if no improvements were included in the future unfueled DIPS modules.

The DIPS system is required to operate in the rigors of the Martian environment as well

as the lunar surface environment. This design challenge was accomplished by confining the use

of refractory alloy materials to components located within the sealed heat source unit and

utilizing protective coatings and vacuum jackets where refractory alloy materials might be

exposed to the Martian environment even for short times during fuel canister transfer. The

turbine inlet temperature for the working fluid was limited to 1133 °K (1579 °F) to insure

that the gas containment boundary is totally constructed of nonrefractory alloy materials. Early

in the trade studies, it was determined that higher temperature systems did not provide a

significant improvement in system performance. This design change eliminated the need for

high temperature dissimilar metal joints in the gas containment boundary and resulted in an all

welded joint construction for the DIPS with a significant lowering of development costs and a

faster development schedule. In addition, simplification of the system design was achieved by

using a gas cooled permanent magnet alternator design which reduced the number of moving

parts to one and simplified the method of voltage control. This design change resulted in a

significant improvement in the overall system reliability, and provided additional

improvements in unit cost, system efficiency and specific mass.

A-2



CLOSEDBRAYTONCYCLEDYNAMICISOTOPEPOWERSYSTEMTECHNOLOGYROADMAP

CONCEPTDESCRIPTION

The DIPSusesthedecayof radioactiveplutonium238as the sourceof heatanda closed

Braytoncycle (CBC)powerconversioncycle to convertthis heat to electricalpower. The CBC

DIPS cycle diagram is illustrated in Figure A-I. The CBC uses an inert gas working fluid

(helium-xenonmixture)which is heatedby the radioactiveheat source and then expanded

througha turbineto convertheatenergyto mechanicalenergy. Fromthe turbine,the working

fluid passesthrougha recuperatorto recoverheatandimprovecycleefficiency. Thewasteheat

fromthe cycle is then rejectedthrougha gas tubeandfin radiatorassembly. Fromthe radiator,

the workingfluid is compressedto the peakcyclepressureandthenusedto cool the alternator.

The workingfluid againpassesthroughthe recuperatorfor preheatbeforereturningto the heat

source.

The DIPSworkingfluid is containedwithin a loop that is hermeticallysealedcontaining

all full penetrationinspectablewelds. Thereare no valvesor contactingmechanicalparts that

couldcausewear and limit lifetime. The turboalternatorpermanentmagnetrotor is suspended

on noncontactingworkingfluidgas foil bearings,and thereareno contactingsealsor brushes.

FigureA-2 shows a conceptuallayoutof the systemassociatedwith a carl to provide

mobility. The heat source units (HSUs) are located under the radiators and include fuel

handlingcanistersthat containmultipleGeneralPurposeHeatSource(GPHS)modules. Figure

A-3 showsan exampleof a typicalHSU. The HSUscontaina reversibleheat removalsystem

(RHRS)that allows the radioisotopeheat to be dissipatedto space in the event the power

conversioncycle is not operating.
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Figure A-I. o CBC DIPS cycle diagram.
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Figure A-2. Conceptual design of 2.5 kWe modular CBC DIPS power cart.

Figure A-3. 2.5 kWe DIPS HSU.
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Typically, the DIPS heat source assembly consists of three heat source units (HSUs)

plumbed together in parallel. This parallel piping connection provides a low pressure drop heat

exchanger design. Each HSU fuel handling canister contains multiple GPHS modules and is

removable from the HSU housing. The fuel handling canister is fabricated of Nb-lZr which is

coated with titanium diboride for emissivity control and oxidation protection from the Martian

atmosphere. This coating must provide protection only while the canisters are being

transferred from their transport and storage rack units to each HSU housing which would

require less than one hour. The oxidation environment within the canister is minimized by

providing a niobium wire wool getter to absorb the CO2 diffusing through the helium release

membrane and a niobium wire wrap at the slip joint end to "getter" any oxidizing atmosphere

within the vacuum liner to canister annulus. A perfluoroelastomer O-ring seals the annulus to

minimize CO 2 ingress. The canister materials and design were chosen to provide a viable

concept able to meet the lifetime goal for either lunar or Martian missions. The getters would

not be required for lunar surface operations.

The HSU is composed of a multiple coil, helical pitch heat exchanger, multifoil insulation

(MFI), MFI vacuum liner, reversible heat removal system (RHRS), and an outer shell. The

heat exchanger will be fabricated from Inconel 617 with its outer surface coated with titanium

diboride for emissivity control. Since the heat exchanger will be in a vacuum container, the

emissive coating must only be able to accommodate the time-temperature intermetallic

diffusion.

Backup cooling for the HSU is provided in the event the gas cooling loop is inactive.

Variable conductance heai pipes provide a RHRS which can safely reject all the isotope heat at

slightly above normal operating temperatures after the turbine gas flow stops.

The RHRS variable conductance heat pipes are provided to insure that the HSU component

temperatures remain at acceptable levels before system start-up or during a temporary

shutdown. They reject very little heat during normal operation of the DIPS. The heat pipes

selected for this application use lithium as the working fluid. Neon is added as a noncondensible
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gas to limit heat loss at operatingtemperatures.Theheatpipecontainmentboundaryand wick

will be made of Nb-1%Zr. As in the other internal HSU components, TiB 2 is used as an

emissivity coating. For compatibility with the Martian environment, the condenser and gas

reservoir sections are covered with a pre-oxidized Inconel 617 vacuum liner which protects

the refractory metal from attack by the CO 2 rich Martian atmosphere. The vacuum enclosure is

not necessary for use on the lunar surface and can be removed. In either application the entire

heat pipe sees only vacuum conditions.

In the unlikely event thai the gas loop and all the RHRS heat pipes are inoperative, the

isotope fuel clad temperature is still maintained in a safe level due to the HSU meltable MFI

insulation package. The MFI consists of 130 layers of foil which are designed to melt and

provide a direct cooling path to space before damage to the fuel cladding occurs after loss of all

other cooling. There are 80 layers of 0.0005 cm thick niobium surrounded by 50 layers of

0.00086 cm thick nickel, all separated by yttria particles. To assure integrity in the Martian

environment, the insulation is contained within an evacuated chamber enveloped by the shell,

liner, and end caps. Although not essential for lunar applications, the MFI vacuum liner

provides for lunar/Mars compatibility with a mass penalty of less than 1.5 kg.

The GPHS module developed by the U.S. Department of Energy serves as the isotopic heat

source in DIPS. The design of the GPHS module is shown in Figure A-4. There are 17 GPHS

modules per HSU in the current 2.5 kWe modular DIPS design.
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Thermal Insulation

Impact Shell 5 In.
Aeroshell

/ "'--I _ / .... _ I / 3.668 In.

T/hermal lnsulatl°n_CBC;* *)

" Fine-Weave Pierced Fabric, a 90%-dense 3D carbon-carbon composite
"" Carbon-Bonded Carbon Fibers, a lO%-dense high-temperature insulator

"*" 62.5-W 2==PuO2 pellet (4 required)

Figure A-4. GPHS Module (250 W) Sectioned at Mid-Plane.

The DIPS Power Conversion Unit (PCU) is shown in Figure A-5. The PCU consists of a

turboalternator compressor (TAC), recuperator, and interconnecting ducting. The high

temperature interconnect ducting is made of Inconel and the low temperature ducting of

aluminum or stainless steel. The TAC consists of a turbine, alternator and compressor mounted

on a single common shaft supported by radial and axial foil gas bearings. A typical cross section

of the TAC is shown in Figure A-6. The 1133 °K turbine inlet temperature is within

demonstrated CBC technology for long-duration mission requirements using conventional super

alloys. The top half of the figure shows a TAC cross-section for the reference turbine inlet

temperature. The bottom half shows a advanced double wall scroll design for a 1300 °K turbine

inlet temperature system. Significant design features of the TAC are called out on the figure.

The turbine, alternator, and compressor are all located on a single solid shaft. The shaft, or
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rotatingunit, is supportedon hydrodynamicgas foil bearingsso there are no rubbingparts to

wear out. The TAC and its entire gas containmentboundaryare hermeticallysealedwith all

joints fully inspectableper visual, dye penetrant,magneticparticle,and x-ray methods.

TheTACemploysa twopoletoothless(TPTL)permanentmagnetgenerator(PMG). The

TPTL PMGdesignconsistsof a permanent(Samarium-Cobalt)magnetencasedin a sleeved

rotor,as shownin the figure. The permanentmagnetfieldeliminatesthe needfor field coils and

their associatedlosses. The highstrengthfield resultsin the eliminationof the statorteeth and

their resultant weight and pole face loss penalties. The TAC design provides improved

efficiency, lower cooling requirements,and lower unit weight when compared to the Rice

alternatormachinein this powerrange.

RADIATOR
INLETLINE

RECUPERATC_

'tURBO ALTEFU_TOR
• COMPRESSOR rI'AC)

TURBINEINLETLINE

INLETLINE

Figure A-5. Modular CBC DIPS PCU components.
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FigureA-6.CBCDIPSTPTLgascooledTACdesign.

A counterflow heat exchanger called a recuperator is used to increase PCU cycle

efficiency. The recuperator consists of a compact, brazed, plate-fin heat exchanger core, and

inlet and outlet fluid manifolds. The core matrix consists of a brazed assembly of rectangular

offset fin counterflow sections These sections are composed of alternate layers of high pressure

(HP) He-Xe side and low pressure He-Xe side fins separated by metal plates. Figure A-7

illustrates the favored recuperator structure that uses the plate-fin sandwiches stacked to form

the heat exchanger core with integral manifolds. This concept of construction proved very

successful in the BIPS program. When stacked and brazed the tube-sheet forms (1) the flow

separation plate in the offset fin matrix, (2) the first flow boundary of the end sections and

sidewalls, and (3) the inlet and discharge flow plena. This type of construction has the benefit

of totally eliminating thick-to-thin stress risers and weld-over-braze assembly requirements.
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This design has proven to be both rugged and predictable as demonstrated in highly accelerated

cyclic life testing conducted in support of the BIPS program.

High-Pressure
Sandwich

Section
Low-Pressure
Sandwich

• Stacked to form the heat
exchanger core with irrtegtid
manifolds

• Recuperator cores are
built from plate-fin
sandwiches

Hot Gas In

Figure A-7. CBC DIPS recuperator.

The main heat rejection radiator uses a conventional aluminum tube and fin assembly as

shown in Figure A-8. The low pressure gas leaving the recuperator is cooled by passing

through multiple parallel cooling tubes connected between inlet and outlet gas headers. The

cooling tubes use highly efficient fins to develop radiating surface area. In combination with

tube armor, these fins also serve as bumper armor to protect the gas tubes from meteoroid

punctures. The gas tubes, headers, and fins are all constructed from aluminum alloys and all

welds are fully inspectable. The finned radiating surface is covered with optical solar reflector

(OSR) tiles to enhance the emissivity while limiting the absorption of solar energy (_=0.8,

(_s=0.08). These OSR tiles provide an effective sink temperature of 220K under lunar noon

conditions for the DIPS radiators. Radiator surface coatings, such as Z93 (_s=0.9, m_=0.3)
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were rejectedfor the DIPSapplicationdue to their highersolar energyabsorptioncoefficient.

The useof painton the DIPSradiatorsurfacewouldraisethe effectivesink temperaturefor the

DIPS by 56 °K requiring a larger radiator surface area even with its improved thermal

emissivity value of 0.9. Since the radiator surface must always be exposed to the environment,

degradation of this coating with exposure time which appears as primarily an increase in solar

energy absorptivity, would further raise the effective sink temperature and degrade the DIPS

cycle efficiency. The effects of lunar and Martian dust particles on radiating surface properties

will be established during DIPS radiator tests.

Gas Tube.-and-Fin Radiator

Working Gas Out
Bumper An'nor/ _ .I

Standoff,__ ._or
Working Gas In _ Gas Tube

I'_ Radiat°r Leng_ "_1/,,,-_ w°rkingGas
Out

' ,_ Raw_i'td_r

!-I
t Inlet Ou_et

Working Header Header
Gas In

Figure A-8. Gas tube-and-fin radiator assembly.

In the current design, the DIPS power processing and control (PP&C) assembly consists

of fully redundant power conditioning and control unit (PCCU) channels, a startup battery and

battery control assembly, and the DIPS controller. The PCCU rectifies the ac power provided by

the alternator and regulates the resulting 120 Vdc power output. This voltage was selected to
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match the SSF electricalpower subsystemarchitecturesince it is anticipatedthat any future

lunaroutpostwouldsharesomefeaturesfromtheSSFEPSasa meansof providingcost savings

on future NASA missions (if it is determinedthat for some applications, that ac power is

preferable,the PCCUcan be designedto deliverthreephaseac powerto the userbus). The

PCCUalso suppliesDIPSpowerneedsduringalternatorstart up. The DIPScontrollermonitors

and controlsthe PCCUoperationand providesa communicalions bus for external data transfer

and control of the system. The PP&C architecture is illustrated in Figure A-9.

Each PCCU channel includes a switching rectifier, inverter, speed regulator, filter,

battery control assembly, battery, and switching assembly. During normal operation, power

conditioning is accomplished in three steps utilizing the switching rectifier, speed regulator,

and filter. The active PCCU channel and operating configuration are designated by using the

switches comprising the switch assembly.

Energy storage requirements are met by the battery assembly. It performs two

functions: (1) it furnishes instrumentation and control power prior to the DIPS alternator

startup, and (2) it provides the power needed to motor the alternator up to its self-sustaining

speed. The battery assembly contains a battery control assembly and a battery consisting of

eighty 2 amp-hour cells. The battery control assembly contains a voltage converter and a

battery monitoring unit. The converter uses a boost regulator to control the battery charging

rate. The battery monitoring unit controls the battery temperature and monitors its operating

status.
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Figure A-9. DIPS PP&C architecture diagram.
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TECHNOLOGYISSUES

The key issues for developmentof the baseline1133°K (1579°F) DIPS conceptand

their systemimpactsare summarizedin TableA-1.

TABLEA-I. DIPSTECHNOLOGYISSUES,IMPACTS,ANDDEVELOPMENTAREAS

Issue
Isotope Cooling/
Nuclear Safety

Lunar/Mars
Environment

Shock Loading

Alternator
Temperature

Isotope Handling &
Disposal

Recuperator
Transfer
Performance

Heat

Gas Leakage

impact

•Active cooling during launch and
flight

•Passive emergency cooling
•Refractory metal lifetime
•HSA mass increase

•Bearing lifetime
• Reconfiguration of RHRS &

electronics cooling radiator heat
pipes

•Alternator mass and radiator area
•Cooling system complexity

•Added mass for biological
shielding

•Added cost for non-recoverable

isotope
• System efficiency, mass, and

radiator area

• Life and reliability

i i I

Potential Development Areas

•High emissivity coatings
•RHRS heat pipes
•Meltable MFI package
•Coatings, getters, semi-permeable

seals, dus t protection, OSRs
•Gas-foil bearings performance
•Heat pipe design and verification

testing

• High temperature alternator
insulation

•Fuel handling canister and tools

•Launch and transport containers

• High performance laminar flow
recuperator designs

.Full-penetration
welded boundaries

inspectable

• Low-temperature dissimilar
transition joints

•Meteoroid protection

metal

TECHNOLOGY ASSESSMENT

The DIPS Demonstration Program is focused on advanced technology development ot

dynamic space power systems to support the early needs of the SEI and other space exploration

endeavors. By advancing the existing technology, the DIPS program provides a highly

innovative and leveraged technology for the cost effective use of radioisotopes in space. The

Rocketdyne Division of Rockwell International is the DIPS program leader with Allied Signal

Aerospace Company's Garrett Fluid Systems Division, Teledyne Energy Systems,
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ThermoelectronTechnologiesCorporation,PhysicsInternational,and SCI GovernmentSystems

makingup theothermembersof the DIPSteam.

The DIPSis basedon and utilizesthe flightqualified,plutoniumfueledGPHSmodules

currentlybeingflown in the Galileoand Ulyssesradioisotopethermoelectricgenerators(RTGs).

TheCBCpowerconversiontechnologyhasbeendemonstratedin priorprogramssuchas DOE's

Brayton Isotope Power System (BIPS) program and NASA's Brayton Rotating Unit (BRU)

demonstrationprogram,and is basedon extensiveexperiencewith similarhardwarein aircraft

applications.

Current and nearterm component technologywas chosen for DIPS to provide an

opportunityfor early deploymentof this systemwith minimaldevelopmentrisk. As part of this

technology evaluation, the technologybases were assessedfor the following major DIPS

assemblies:

• GPHS modules;

• HSU;

• TAC assembly;

• recuperator;

• radiator;

• ducting and bellows; and

• PP&C.

These evaluations are summarized in Table A-2 which shows that the 1133 °K (1579 °F) CBC

DIPS has technology readiness levels ranging from 4 to 9, depending on the particular assembly.

The technology base for each assembly is briefly discussed in the following sections.

GPHS Module State-of-the-Art

The technology base for the GPHS module is extensive and consists of the following items:

• materials, properties, and module performance characteristics have been well
established in the government sponsored development program;
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manufacturing and quality control programs have been demonstrated with
productionof flightqualifiedmodulesfor the Galileoand Ulyssesprograms;

safety issues have been resolvedin conjunctionwith the Galileo and Ulysses
flights(bothusedRTGswii_GPHSsastheheatsource);and

boththeGalileoandUlyssesspacecrafthavebeenlaunchedandareoperational.

Subsystem
Technology
Readiness

Level

TABLEA-2. 1133oK(1579OF)CBCDIPSTECHNOLOGYASSESSMENT

Comments

GPHSmodules 9 Successfullyflownon GalileoandUlyssesmissions

4HSU;RHRS
HSU;MFI
HSU;GasContainment
TACassembly

Recuperator

Radiator

Interconnectducting

5PP&C

Laboratorydemonstration
Subscaletestscomplete
Inconel617boundary;wellestablisheddatabase
Similar to BIPS and BRU turboalternator-compressor
designsbut with hightemperaturealternator
electricalinsulationand an all welded,fully
inspectablegascontainmentboundary

Successfulclosed-lool3experience- BRUandBIPS
systemtests

Aluminumtubeandfin radiatordesignsimilarto STS
radiatortechnologyandSSFradiators
Conventionalhigh-temperaturematerials; low-
temperaturedissimilar materials joint; conventional
materialsbellowsdesignwith fully inspectablewelds

SpaceStationFreedomElectricalPowerSubsystem
component(SSF-,EPS)technolo,qy

HSU State-of-the-Art

The fuel handling canister, the RHRS heat pipes, and internal HSU vacuum liners are

fabricated from Nb-1%Zr. Materials properties for Nb-l%Zr are well known and have been

qualified in the SP-100 program. Silicide or titanium diboride emissivity/oxidation protective

coatings are proposed for the canister and liner surfaces. These coatings are known to resist

oxygen attack at temperatures exceeding the design temperatures for extended periods of time

(years). The coating protection is only required in the Martian environment during transfer of
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a fuel handlingcanisterbetweenHSUsand storagerackunits (<1hour per transfer). However,

acceleratedtesting would be needed to establish the variables involved and confirm their

applicationover the equivalentfifteenyear lifetime. Longterm stabilityof the coating in this

applicationremainsto be established.

Explosively bonded transition joints

componentsfor severaljoints within the HSU.

are used between the Nb-1%Zr and Inconel

Specifically,thesejoints are locatedin the HSU

vacuumcontainmentusedfor Marsapplicationsandarenotpart of the HeXepressureboundary.

This is a well establishedfabricationtechnique.Thejoints are locatedin low temperatureareas

where intergranulareffectsare not expectedto be an issue over the 15year operationallife.

However,joint leak tightnessand intergranulareffectswill needto be verified.

Lithiumheatpipes,like thoseto be usedfor the RHRS,havea substantial data base as

shown in Table A-3 (Ref. A-3), but the specific DIPS design is different than those comprising

the data base. For this reason, a demonstration model was fabricated and tested at LANL, with

successful results (Ref. A-4). At 1150 °K (1610 °F), the test heat pipe removed

approximately 750 W of heat, which is in excess of the 710W target for the variable

conductance heat pipe design. For the present DIPS RHRS design, the VCHP "on" temperature

will be set at 1194 °K (1690 °F) by adjusting the neon gas inventory in the heat pipe.

The HSU uses multifoil insulation, not only to control heat losses from the HSU, but also

to provide emergency cooling by melting and providing a direct heat path to space at a slightly

higher than normal fuel cladding temperature. On the BIPS program, various combinations of

multifoil insulation were subjected to subscale testing. The general conclusion that can be

drawn from these tests is that the principle of progressive eutectic melting is valid. The tests

also provide confidence that the meltdown characteristics of particular foil combinations can be

accurately predicted.
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TAC Assembly State-of-the-Art

The TAC design is similar to the 10 kWe BRU and 1.3 kWe mini-BRU units designed and

tested by the Garrett Corporation in the 1970s.

The NASA BRU series of four units, with a flight configured recuperator, cooler, and

ducting were tested for a total of 52,573 hours, most of which was at a turbine inlet

temperature of 1144 °K (1599 °F). One of these units accumulated 41,000 hours, including a

13,600 hour continuous run. The BRU used pivoted pad bearings instead of foil bearings

because foil bearing technology was not well developed at that time. Since then, the foil bearing

has been used extensively in commercial aircraft auxiliary power units (APUs) for millions of

hours and continuous improvements have been made to the bearing design. A summary of the

APU foil gas bearing experience is given in Table A-4.

10
11

12

NO.

TABLE A-3. LITHIUM HEAT PIPE OPERATING EXPERIENCE

Wall Material Test

Temperature
(°K/°F)

Hours of

Operation

CVD-W 1000/1340 ' 1000
W-26Re 1000/1340 10000
TZM 1500/2240 4600
TZM 1 500/2240 10526
TZM 1 500/2240 10400
TZM 1 500/2240 9800
Nb-lZr 1 000/1 340 1 32

Nb-lZr 1500/2240 9000
Nb-lZr 1500/2240 1000
deoxidized
Nb-lZr 1350/1 970 2300
Nb-lZr 11 00/1 520 4300

1 000/1 340Nb-lZr 3870

Remarks

Evaporator leak
Weld leak

Weld failure in end cap
Weld failure in end cap

Grain growth, Zr loss, swelling
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TABLEA-4.APUFOILGASBEARINGEXPERIENCE

Systemsin service
Total hours operating
Mean time between
failures (MTBF),
hours

Average number of
start/stop cycles per
unit
Annual bearing
production rate

767/757

470

6_735,800
57,100

2,200

2OO

DC10

1_660
59,073,400

61,700

2,100

100

F-18

57O

406,180
45,135

1,400

200

General C5B
Aviation

1T269
3,200,500

35,170

2,500

50O

35
42,000

N/A

110

3OO

The mini-BRU was the turboalternator-compressor incorporated in the BIPS. After

some initial problems with one of the foil bearings, design modifications were made and the unit

was operated for 1000 hours in a relevant environment at a turbine inlet temperature of 1025

°K (1385 °F) with no further problems (i.e., TRL 6). The BRU and mini-BRU engines all used

a Rice alternator. The DIPS TAC employs a two pole toothless (TPTL) permanent magnet

generator (PMG). The use of Samarium-Cobalt permanent magnets for field excitation is a well

established technology. Allied-Signal Samarium-Cobalt PMGs used in aircraft applications have

in excess of 100,000 operating hours experience.

RecuDerator State-of-the-Art

The applicable experience base for CBC recuperators includes the recuperators for the

BRU series of power conversion units, and for BIPS. This experience base is summarized in

Table A-5. As noted in the table, one of,the BRU recuperators experienced a failure at 18,000

hours of operation. The nature of the failure was a leak between the core and the manifold

ducting. Analysis of the cause of the failure attributed it to low-cycle fatigue due to deep

thermal cycling. The problem was corrected by redesigning the internal support structure and

shell, and using a welded and fully inspectable containment boundary for the recuperator shell.

The BIPS recuperator used these improvements and was operated without incident. This
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recuperatoris nowbeingrefurbishedfor useon the 2 kWeSolarDynamicSpacePowerSystem

GroundTest DemonslrationProjectbeingperformedby the AlliedSignal/Rocketdyneteam for

NASA LeRC. These tests will include 1000 hours of steady-slate operation plus

startup/shutdown,and systemthermalcyclingtests.

TheDIPSrecuperatordesignis basednotonly on thefive successfullyrecuperatedCBC

systems,but is alsofoundedon heat transfer equipment developed by Allied Signal and used in

lhousands of commercial, refinery, and aircraft applicalions.

Radiator State-of-the-Art

The tube and fin radiator concept is a well established technology. Fabrication of the

radiator assembly is accomplished using standard materials and fabrication practices. Tube and

fin radiators are used in many commercial applications. The space shuttle uses a redundant

pumped loop tube and fin radiator which has been in use for more than 10 years. On the Space

Station Freedom (SSF) program, the main thermal bus uses a pumped loop tube and fin radiator

concept. For the DIPS application, the fluid within the lube is the He/Xe working gas which is

different from the preceding applications where the pumped fluid is a liquid. The radiator tube

and fin design concept is the same, however, with the thermal hydraulic characteristics being

slightly different. Thermal hydraulic tests will be required to verify heat transfer coefficients.

Optical Solar Reflectors (OSRs) have been used for thermal management of solar arrays

and spacecraft on a variety of satellites such as Explorer, Intelsat, Solar Maximum Mission and

Satcom. The OSRs are attached to the radiator fins with a silicone bond. Prototypic tests of

bonding OSRs to aluminum fins were recently carried out at Rockwell, employing several

different types of silicone bonding agents to demonstrate bond integrity and develop optimum

application methods. Test results indicated that the bond is stable and shows no degradation in

thermal cycling tests. The tests used a lap configuration and in all tests for bond strength, the

bond was stronger than the tiles themselves.
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TABLEAo5.APPLICABLECBCRECUPERATOREXPERIENCE

UnitNameof
Designation

BHXU (BRU)

BHXUA (BRU)

BIPS

Power
Level

(kWe)
10

10

1.3

Design Feature

Plate-fin plate-bar
construction 347 SS

Plate-fin double
containment side
plate Hastelloy-X

Plate-fin double
containment side

plate Hastelloy-X

Operating
Parameters

Ti,= 1230 °F
Pin=27 psia
W=7.5 Ib/s

Tit_=1230 °F

Pi,=27 psia
W=7.5 Ibis
He-Xe MW =
83

Tin=950 °F

Pin=66.7 psia
W=0.25 Ib/s
He-Xe MW =
83

Test/
Operational

Hours

51,000

N/A

1,200

Key Test Results

One failure at
18,000 h; unit
repaired and lest
resumed
Not tested - 2
units delivered

No failures

Ductina & Bellows State-of-the-Art

The DIPS system uses gas ducting components similar to those used and successfully

demonstrated on the BRU and BIPS CBC systems. The ducting assembly consists of the metal

ducting, bellows, and its multifoil insulation package. The BRU was tested in an environment

simulating the pressures and temperatures of space. The BIPS was tested in space-vacuum

conditions during a workhorse loop 1000 hour demonstration. In conjunction with the BIPS

program, ORNL conducted a series of tests on BIPS bellows extending over several years at

simulated space temperatures and pressures. The BIPS employed multifoil insulation which

proved most effective for controlling thermal losses. For the DIPS ducting, Inconel 617 will be

used for the hot leg ducting and aluminum' or stainless steel will be used for the cold leg ducting.

Dissimilar joint compatibility will be assessed for aluminum or stainless steel and Inconel

617.
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PP&C State-of-the-Art

The DIPS PP&C system design is based on a reasonable electronics component evolulion,

from SSF component technologies and there are no significant technology issues associated with

its developmenl. However, PP&C mass wilt be critical item in the flight hardware design. It

will be necessary to fabricate brassboard hardware for testing and evaluation purposes, but

there is no need to initiate any advanced component development. Even though no space-based

rotary alternator PP&C systems have been fabricated, most of the hardware elements have been

or shortly will be operating in a relevant environment on other spacecraft or the SSF electrical

power subsystem ground tests. The only new environmental factor is the radiation emitted by

the DIPS HSUs. The DIPS radiation levels of 104 Rad (Si) are considered to be relatively low

for electronic components. These radiation levels can be easily handled through proper

component selection.

The electronics cooling radiator uses aluminum/ammonia heat pipes in an aluminum

honeycomb/face sheet structure to reject the electronics waste heat (260 W thermal) to space.

This technology has already been space qualified as indicated in Table A-6.
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TABLEA-6.WATERANDAMMONIAHEATPIPEEXPERIENCE

HeatPipe
Material

Working

SS/SS

Fluid

Cu/Cu Water
Monel/Cu Water

Ammonia
Cu/Cu
SS-Cu/
SS-Cu

Water
u

Methanol

Water

a)Ground and Shipboard Applications
Application No. Units Units Years in

Trident T SEM
Mis. Spec.
Nassar Array
ALCM
MARM/
Missile

Per

System/
Module

108/3
1/1

1000/1
12/3

1/1

1/1

Built

7,000
300

1,200
12,000

450

397

Service

14
10
16

Estimated Reported
Hours x Failures
106

458.65
8.74

2Cu/Cu Element G
I

467.39

0
0
0
0
0

0

b)lntended

Heat Pipe
Material

Applications

Wick
Material

(Life
Working

Fluid

Shipboard, Avionics, and Space
Test Completed)

No. Units Operating Total No. of
Temperature

(F)
Hours Failures

Cu Cu Water 2 60 to 75 77,376 0
OJ Monel Water 1 70 48,406 0
Monel Monel Water 2
SS SS Ammonia 3
AI AI Ammonia 1

Ammonia
Ammonia

Grooves
Grooves

100 to 102 69,264 0
40 to 60 102,110 0

50 59,832 O
50
50

AI 29,664
34,632SS

Heat Pipe
Material

SS/SS

AI/AI
AI/AI

(.Grooves)
AI/AI

Working
Fluid

Ammonia

Ammonia
Ammonia

c)Space Applications
Applications No. Units Units

Per

DSD, TWT
baseplate
MStll

System/
Module

3/3

19
3

700

22

Years in
Service

10.0

0.5
0.5

Ammonia

Spaoe
telescope
Space sensor'

Built

0.2

Reported
Failures

O

0
0

0
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MAJORDEVELOPMENTTASKS

A 2.5kWeCBCisotopepowermoduleis currentlyunderdevelopmentaspart of the DIPS

DemonstrationProgramwhich is sponsoredby the U.S. Departmentof Energy (DOE) with

support funding from NASA (Refs. A-1 to A-2). The developmentprogram defined in this

roadmapis a continuationof the DIPS program. This developmentplan includes an initial

componentdevelopmentand integratedgroundsystemdemonstration,a qualificationprogram,

and a flightprogram.

With the exceptionof the GPHSmodules,the technologylevelof the DIPScomponents

rangesfrom 4 to 6, and thereforedevelopmentand demonstrationtesting is required. The

developmentand testing tasks which are envisionedare briefly described in the following

sections.

Task 1. Heat Source Unit Heat Exchanger (HSUHX) DeveloDme!')|

Ob!ective$: Develop a full scale flighl HSUHX. Demonstrate adequate performance

characteristics, means of protecting the unit from the effects of the Martian environment, long

life at high temperatures, and structural integrity during a loss of coolant event.

Statement of Work: The work is divided into the following subtasks:

Subtask 1.1 Emissivity Coating Tesls Evaluate the emissivity and integrity of

candidate coatings/surface treatments under the required thermal vacuum environments

(including application techniques, surface preparations, and adherence) using subscale coupons.

Select reference coatings (different coatings or surface treatments may be required due to the

differing substrate materials) and apply to simulated canister, heat exchanger, and heat pipe

wall surfaces. Conduct elevated temperature performance and thermal cycle tests to validate

coupon emittance test results, and demonstrate

specimens.

Subtask 1.2 Multifoil

compatibility of candidate foil

adherence using prototypic configuration

Insulation Tests Perform

and oxide spacer materials

additional tests to verify the

under accelerated temperature
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conditions. Cladfoilswhichrequirebondingof twofoil materials,areexpectedto yielda better

definedmeltingpoint and a more rapid melt down, but they requiredevelopment. Conduct

subscaletests on bondedfoil specimensto determineif theyarepracticalto fabricate,perform

as predicted, retain adequate bond strength, survive thermal cycling, and do not diffuse

excessively. Resultsof the clad foil testswill determinewhetherclad or conventional layered

foils will be selected as the reference DIPS configuration.

Perform subscale meltdown tests similar to those performed on the multifoil system

developed for the BIPS program. These assemblies will have the same combination of foil, oxide

spacer, number of foils, foil thickness, layer spacing, ratio of length to diameter, and hot side

material as candidate HSU designs. Test assemblies by equilibrating at the design temperature

and then heat at a rate corresponding to that seen if all cooling were lost. Verify by experiment

and analysis safe fuel cladding temperatures following the loss of cooling event

Conduct thermal performance testing on prototypic sections of multifoil insulation to

verify that the calculated losses from high heat loss components are within acceptable limits.

Measure the heat input versus heat source temperature relationship of a full scale HSU in an

inert gas environment to define storage and handling parameters.

Conduct stability tests on prototypic sections of MFI to verify stability under long term

(up to one year), elevated temperature conditions in simulated environments.

Subtask 1.3 Heat Exchanger Coil Test - Fabricate a hydraulic model of one complete

helical coil heat exchanger. Measure the pressure drop across the heat exchanger and compare

to calculated values. Based on these experimental results, incorporate any necessary

refinements required into the design.

Subtask 1.4 Overall Heat Exchanger Tests - Test one complete HSUHX powered by an

electric heater for performance using an inert gas loop with the HSU under internal vacuum.

Establish prototypic thermal and flow conditions, and conduct a performance test including

thermal mapping under varying flow conditions. Vibration test the assembly and repeat the

performance test to identify any degradation. Establish the condition of the HSU and verify that
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the internalsare undamaged.

MFIperformsas designedin the eventof a lossof cooling.

unsuitablefor further testing.

Subtask 1.5 Electrical Heater Subassembly Tests -

Run a final test in a vacuum chamber to verify that the meltable

This test will render the HSUHX

Test a complete set of electrical

heater assemblies and their controls for performance, transient effects, operating

environment, vibration, and shock effects. Perform endurance testing of the heaters to identify

mean time between failure (MTBF) values for these major electrical components. Evaluate

heater degradation, control functions, and monitoring functions during the endurance tests to

establish instrument error bands to be used during the Integrated System Test Unit (ISTU) life

test.

Task 2 - TAC Development

Ob!ectives: Develop a full scale flight TAC. Demonstrate adequate steady state and transient

performance characteristics, means of protecling the unit from the effects of the Martian

environment, and long turbine life at high temperatures.

Statement of WQrk: The work is divided into the following subtasks:

Subtask 2,1 Compressor Test_ - Operate a compressor stator/scroll assembly over its

full range of mass flow to verify performance and map performance factors. In a separate test

in a whirl pit, measure impeller growth at various speeds. Verify blade vibration mode shapes

and frequencies by holographic testing.

Subtask 2.2 Turbine Tests - Operate a turbine/nozzle scroll assembly at a single

design point speed and pressure ratio using air as the working gas to verify design performance.

Evaluate test data and extend the results analytically to ensure a good match to the compressor at

off design conditions. In a separate test, verify turbine wheel stress margins by measuring

wheel growth at various speeds. Conduct performance testing in the modified compressor test

rig and measure wheel growth in the whirl pit. Verify blade mode shapes and frequencies by

holographic testing.
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Subtask2.3 Dynamic Simulator Tests Determine turboalternator dynamic

characteristics, critical speeds, and bearing losses using a rotor simulator with foil-gas

bearings. Repeat these tests later using a functional alternator in an open-cycle TAC test.

Determine alternator performance and dynamic characteristics. Conduct start-up and extended

life tests.

Subtask 2.4 Alternator Tests - Conduct alternator stator and rotor tests with the rotor

supported on conventional bearings. Measure the performance as an alternator and as a motor

over a range of speeds, loads, and excitations. Conduct tests to determine generated power,

electrical losses, thermal losses, wave shapes, starting torque and cooling required to maintain

component temperatures.

Task 2.5 Alternator Insulation Tests - Develop a high temperature electrical

insulation for the alternator stator. Perform voltage breakdown and lifetime tests of the

electrical insulation to identify degradation mechanisms and lifetime limits as a function of

component temperatures. Use these results to establish the cooling gas supply temperature

limits in Subtask 2.4.

Task 2.6 Foil Bearing Tests - Design, fabricate and performance test the TAC foil

bearing assemblies using a bearing rig test fixture to performance map each bearing

configuration. Measurements should include torque versus speed, spring rate, load deflection,

damping coefficient and starting torque versus load and acceleration. Perform shock and

vibration testing for each bearing assembly.

Task 3. Recuperator Development

D..12j.e,£,,/[y..e_: Develop a prototype flight recuperator. Demonstrate adequate performance

characteristics, means of protecting the unit from the effects of the Martian environment, and

long life at high temperatures.

Statement of Work: The work is divided into the following subtasks:
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Subtask 3.1 RecuDerator Leakage Pressurize the recuperator core assembly with hot gas and

thermally cycle it to verify its structural integrity. Measure leakage across the core and

critical dimensions at temperature extremes.

Subtask 3.2 Heat Transfer Performance Conduct hot-gas heat transfer tests on a recuperator

core section to verify performance. Measure pressure drops through the recuperator core

section versus flow rate and inlet temperatures for He-Xe gas mixtures.

Task 4, Radiator Assembly Development

Ob!ectives: Develop a prototypic gas tube and fin radiator assembly. Demonstrate adequate

structural and thermal performance characteristics, and a means of protecting the unit from

the effects of the Lunar and Martian environments, over its 15 year design lifetime.

Statement of Work: Performance test a module consisting of an aluminum gas tube and fin

radiator assembly and associated headers. Verify performance of the radiator section under

design point and extremes of temperature and radiating surface contamination conditions.

Measure pressure drop, flow distribution, and heat transfer to determine radiator performance.

Conduct baseline performance tests in a vacuum chamber, with the assembly at

temperature and radiating to a chamber cold wall. Perform random vibration tests of the

assembly to determine its response and identify potential structural integrity problems. Repeat

the performance testing to verify structural integrity.

Develop the OSR tile application process and establish the required bond strength.

Demonstrate the OSR lifetime performance. Perform dust tests of the radiating surface

effectiveness to simulate the lunar and Martian environmental effects on radiator performance.

Task 5. Ducting and Bellows Development

Obiectives: Develop prototypic hardware for the interconnect gas ducting and bellows.

Demonstrate adequate performance of the ducting.

Statement of Work: Design and fabricate prototypic interconnect ducting and bellows. As

required, conduct static and dynamic structural verification testing on elbow ducting, branch
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connections,straight sections,bellows,all joints, and heat exchangerinlet/outletcomponents

at room temperatureand elevatedtemperatures.

joints and bellowsto establishthermalcyclic life.

flow distribution tests.

Performdeep thermalcycling tests on all

Verify performance using pressure drop and

Task 6. PP&C Development

_bj.e,£,t[Y..P_: Develop the necessary PP&C hardware and software to control the DIPS operation

and process alternator output power. Demonstrate adequate steady state and transient voltage

control at rated load conditions. Demonstrate lifetime, reliability and compatibility with the

environment (including launch and operating environments). Develop and demonstrate the

software capable of providing power system control under nominal, transient operations and

during simulated failure modes.

Statement of Work: The work is divided into the following subtasks:

Subtask 6.1 Electrical Componenl Development Build brassboard units to

demonstrate and check functional performance of the individual component circuit designs.

Incorporate design modifications and improvements, as necessary, into the brassboard units.

Verify functional performance within the constraints of the actual component configuration.

Fabricate prototype units and conduct a series of performance tests using simulated input and

output loads. Conduct controller tests and validate the operating system software. Conduct the

following other tests:

• start up, steady state and transient control simulation;

• failure simulation for dete.ction and automatic switching to redundant control
channel;

• effects of temperature extremes and thermal shock;

• effects of atmosphere;

• current limit protection demonstration;

• cold plate heat loads;
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• Master/slave controller architeclure demonstration (for integrated multiple
unit power supplies); and

• EMI generation and susceptibility.

The prototype cable harnesses and parasitic load radiator will be checked out with the PP&C

components during the ISTU calibration and set-up tests.

Subtask.6.2 Software Development - Develop the DIPS controller software. Check out

the software in conjunction with tests of the controller, using simulated inputs and outputs.

Integrate and checkout the software as part of the controller tests in Subtask 6.1.

Task 7. Integrated System Test Unit (ISTU) Development and Test

Objectives: Develop and test a full scale ISTU. Demonstrate adequate steady state and transient

performance characteristics, long life at high temperatures, and suitable performance during

failure modes. The ISTU shall be instrumented and calibrated during initial tests to validate the

performance of the individual component designs.

Statement of Work: Assemble a complete power conversion unit consisting of two simulated HSU

heat exchanges and one prototypic HSU, TAC, recuperator, interconnecting ducting, controls and

instrumentation. Conduct tests in air using fibrous insulation on the ISTU loop with an

electrical heat source, simulated user loads, and parasitic load resistors. Install a vacuum

system to maintain the prototypic HSU containment vessel under internal vacuum. Demonstrate

start-up, shutdown, and alternator design speed control under nominal operating conditions.

Verify proper interface with the DIPS controller under conditions of varying power demand and

simulated faulted conditions. Perform the following tests:

• lime to start up from cold condition and molor KVA, invertor ramp rate;

• startup and battery recharge time;

• thermal balance;

• electrical power generating capability;

• steady state and dynamic stabilily;

• shutdown and start-up under simulated faulted conditions; and
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• life test.

The work is dividedinto the followingsubtasks:

Task 7,1 ISTU Calibration and Set-up Tests - Pressure and leak test the ISTU. Fill

the gas system with the He-Xe working fluid. Perform a complete electrical check-out of the

unit including TAC shim and calibration tests and adjustments. Verify performance of thermal

insulation.

Conduct a preliminary performance test sequence to demonstrate technical capabilities

and measure critical unit performance parameters. Integrate acceptance level and design

margin tests, up to qualification levels, into the initial test sequence to validate the individual

component designs. Disassemble and inspect the individual components in the ISTU for wear and

degradation effect and update component designs for the qualification and flight units as

necessary.

Task 7.2 ISTU Life Test - Refurbish lhe ISTU components after completion of the

performance, acceptance, and margin tests and place the unit on a multiyear life test.

Refurbishment of the unit should include:

• replace or repair components to provide a prototypic hermetically-sealed gas
containment boundary for the ISTU; and

• add special instrumentation required for the life test phase

Install prototypic instrumentation to provide a comprehensive diagnosis of the "health"

of the ISTU and to monitor for degradation of major assemblies and individual components.

Operate the ISTU at its nominal operating point, with expected ISTU variations in power output

and environment.

Disassemble and inspect the ISTU at the end of the life test. Determine specific areas to

be examined by an analysis of the health monitoring data and from the reliability analysis

predictions. Typical characteristics to be determined by the examination should include, but

are not limited to, bearing wear, welds and bellows wall metallurgical examinations,

electrically controller setpoint drift, HSU MFI condition, and turbine blade erosion.
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Task 8. Qualification Program Te_ting

Ob!ectives: Design, fabricate, and test the flighl syslem. Develop a low risk qualification

program. Verify adequate performance and life for the entire system under flight qualification

conditions.

Statement of Work: Perform a comprehensive performance and dynamic testing program of

assemblies and the complete system to provide a formal demonstration that the DIPS will

perform as designed after being subjected to simulated launch conditions.

Start with qualification of assemblies, as seen in Figure A°10. Fabricate qualified

production items and assemble these parts into the QU. Qualify the QU by the rules for space

vehicle qualification.

The work is divided inlo the following sublasks:

Subtask 8.1 Component Qualification Tesling - Conduct performance testing at the

component and assembly level Io verify that each item performs as designed. Perform dynamic

testing per MIL-STD-1540B to verify capability of the DIPS system to withstand launch loads,

including acoustic, pyroshock and vibrational. The performance and dynamic qualification test

sequence for components and assemblies is shown in the matrix of Figure A-11.

Subtask 8.2 Qualification Unit Testing. Fabricate, assemble, checkout, and test the QU.

Use the same test facilities for component and assembly qualification testing as were used for

the assembly level testing of the ISTU. The corresponding qualification test sequence for the QU

is shown if Figure A-12.

Subtask 8.3 Qualification Life Testing (Optional) - Partially disassemble, examine,

and refurbish the QU as required and modify for endurance testing as described for the ISTU.

Life test the unit for 1.5 years (optional).
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FormulateAssembly
andQualificationUnit
QualificationProgram
per MIL-STD-1540B

guidelines

Establishlaunchandstagingenvironments

q _ IEstablishassemblyand

_=1 systemperformance

requirements

Design
Qualification

Unit

Fabricate
qualification

hardware

Prepare/

identify
qualification
test facilities

Prepare

qualification

software

Conduct

assembly
acceptance

tests

Subject
Qualification

/

Assemble / Unitto

Qualification _ acceptance

Unit I _ 1 andqualification
testsequence

Prepare _ I T

flight
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qualification I " I resultstestsequence

Perform

Qualification
Unit life

testing

Figure A-10. DIPS qualification program.
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Component or
Subassembly

HSU X X X X X X X X X X X X

TAC and recuperator X X X X X X X X X X X X

Radiatorand manifold X X X X X X XXXX XX

Electronicsradiator X X X X X X X X X X X X

Parasitic load radiator X X X X X X X X X

PP&C X X X X X X X X X X X X X

Structure X X X X X X X X X X

Figure A-11. Assembly qualification test matrix.

Func_onalCheck
.__ ElectromagneticCompatibilityTesl

PressureTest

AcousticLoading
Test FunclionatCheck PyroshockTest

FunctionalCheck
ThermalBalance

Test FunctionalCheck
H Thermal-Vacuum

Test

Figure A-12. QU test sequence (per MIL-STD-1540B).
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Task 9, Flight Unit (FU_ System Program

Objectives: Fabricate two flight systems, perform a flight safety program, and acceptance test

the FUs to demonstrate required performance. Deliver the flight systems and provide

integration support for the FU with the payload and the launch vehicle.

Statement of Work: Fabricate, acceptance test, and assemble parts to produce two DIPS flight

systems. Subject both systems to acceptance testing per MIL-STD-1540B guidelines before

shipment to the launch site. Use the same test facilities (vacuum chamber, vibration, acoustic)

that were used for the qualification program for flight system acceptance testing. Perform

safety studies and complete safety reports necessary to obtain launch approval. Provide launch

support for the DIPS flight unit for integration with the payload and launch systems.

The work is divided into the following subtasks:

Subtask 9.1 Flight ComDonent Fabri_iqn. - Design, fabricate, inspect, and assemble

the components and subassemblies required for the QU and FUs, including all spare parts and

GSE as required.

Subtask 9.2 FU Assembly. Test. and Payload Integration - Assemble and inspect the

two FUs. Acceptance test both FUs and ship to the launch site. Provide technical support for FU

integration with the payload, launch vehicle, and launch support facilities.

Subtask 9.3 Flight Safety Program - Develop a flight safety program plan to support

the safety studies and tests required to obtain launch approval. Prepare the safety analysis

reports (SARs), and all supporting analyses and documents to assure launch approval.

Subtask 9.4 FU Launch Support Provide launch support for the integrated

FU/payload and launch vehicle systems. This includes FU monitoring during ascent, payload

deployment, and FU startup on station.
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DEVELOPMENT SCHEDULE

Figure A-13 presents the 2.5 kWe DIPS development schedule. The DIPS program has

completed a 1 year conceptual design task. The preliminary design would be completed in the

next two years. Concurrent component development of the heat source unit, power conversion

unit (TAC, recuperator, and ducting), radiator assembly and PPCA is completed in 2.75 years.

Detail design work is subsequently completed after 3.5 years.

Fabrication of components for ground testing for the ISTU starts with procurement of

long lead materials and equipment in the second year of the program. This leads to assembly of

the ISTU in the first half of the third year.

The ISTU will simulate the performance of a flight system but will have features such as

additional instrumentation and readily accessible components to expedite gathering of

engineering data and to permit modification of components. It will be performance tested in air

under normal and off-normal design conditions. After this phase of testing, it will be partially

disassembled, examined, refurbished as necessary, and put on life test, nominally for 1.5 yrs.

The qualification phase includes design, fabrication, assembly, and qualification testing

of individual components for three units, and a complete DIPS system qualification test. The

redesign effort will be limited to minor modificalions to the preliminary DIPS design.

The flight phase of lhe program includes assembly, and acceptance testing of two flight

units and the associated safety analysis support for launch approval. Launch support activities

would include the flight unit-payload and launch vehicle integration tasks as well as post launch

support activities.
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TASKS

INTEGRATED SYSTEM TEST UNIT (ISTU)

System Design

Component Development

.HSU

• Power Conversion Unit

•Heat Rejection Subsystem

.PPCA

ISTU Fabrication and Assembly

Integrated System Test

:QUALIFICATION UNIT (QU)

Right Component Fabrication

Component Qualification

System Qualification

FLIGHT UNIT (FU)

Assembly and Acceptance Test

SafetyProgram

Launch Support

Figure A-13.
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APPENDIXB- PEMRFCTECHNOLOGYROADMAP

INTRODUCTION

This is a familyof powersystemsbasedon commontechnologyfor usewith portableor

mobilepowersystems. MobileRFCpowersystemsare eitherincorporatedinto vehiclesor are

attachedto vehiclesas partof a separatepowercart. Thesesystemsrangein nominalpower

level from 3 to 22 kWe. Thesevehicles includethe payload unloader(3 kWe normal[n]/10

kWe peak [p]), pressurizedmannedrover (7 kWe onboard,12 kWe with power cart), regolith

hauler (3 [n]/15 [p] kWe), and mining excavator (22 [n]/40 [p] kWe). Mobile Mars power

systemswill be similarto lunarsystemsexceptfor the radiatorsize.

CONCEPTDESCRIPTION

The RFC system converts electrical energy into chemical energy and stores the energy

for future use. An RFC is an energy storage device similar to a battery. The RFC system can be

divided into six major subsystems for development purposes: (1)a fuel cell stack, which

electrochemically converts hydrogen and oxygen into electricity; (2)an electrolyzer cell stack,

which electrolyzes the fuel cell product water into gaseous hydrogen and oxygen reactants using

externally provided power; (3)water management which removes moisture from the

electrolysis cell product gases and humidifies fuel cell reactants to maintain proper cell

membrane moisture content; (4)thermal management, which removes waste heat from the

system, maintains the proper membrane temperature, prevents boiling or freezing in critical

flow paths; (5)reactant storage (hydrogen, oxygen, and water); and (6)power processing and

control (PP&C). The PP&C must be designed to allow for recharging from the base power

system (either photovoltaic arrays or nuclear reactor) or from a portable Dynamic Isotope

System (DIPS) cart.

A simplified schematic of a potential RFC system is shown in Figure B-1 (Ref. B-13).

Figure B-1 does not show the details of the design such as electrical controls, fluid controls,

trace heating, phase separation, gas humidification, gas drying, or redundant components. These
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itemswill be discussedin detail in the followingsections.

i_ Power input for recharging

iF Power Control and Conditioning

I Reactant storage tanks

I _J_' 2"03xl0"tN/m2 "_I 339 OK L (2950 psia) H2 .,)

I /I (3000opsia)
Electrolyze{r IT1=76)/omax J"2 07x10 "/N/m 2

Cell Module I - L (3000 psia) 02 J

'it'
I water pump J Heat L.

-! :_ Rejection _ i-

I SubsystemI

" _ User

6.9x105 N/m 2
(100 psia) I
T1=52% max "_Fuel Cell

v I Module

1 I '

L
water

pump
pump _ Reject

Heat

Note: Necessary electrical and fluid controls, and redundant components not
shown. Typical operating conditions and performance shown.

Figure B-l. PEM RFC power system schematic.

In the baseline RFC concept, high pressure oxygen and hydrogen gas were assumed for

gaseous reactant storage tanks of relatively low volume. High pressure gas storage reduces the

size and mass of the storage tanks. Cryogenic storage of oxygen and hydrogen may be desirable

for large fixed systems, but will not be addressed in this roadmap. The complexity and power

required for a liquefier is probably not warranted for a mobile system.

Two types of fuel and electrolysis cell technologies are available: alkaline and PEM.

Proton Exchanger Membrane (PEM) fuel cells and electrolysis cells were selected for this study

since these technologies were shown to be the preferred RFC approach for long life SEI

applications in a recent LANL study done for NASA (.Ref. B-l). The basic design and operation of

the PEM RFC system are described in the following paragraphs.
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Fuel Cell Description

Fuel cells operate by separation of two electrocatalytic conversion re&ctions with an

ionic conductor, as seen in Figure B-2 (Ref. B-2). Charge moves through electron conductors

connecting the two electrocatalytic zones, where electron transfer results in chemical

reactions. Ionic transport through the separator completes the process.

The PEM fuel cell incorporates an ion exchange membrane, typically a

polyperfluorosulfonic (PFSA) acid sheet, as the ionic conductor. This component sustains

transport of hydrated hydrogen ions, protons (H+), associated with water. Protons are

generated at the porous anode electrocatalytic layer and transport through the ionic conductor to

the cathode electrocatalytic layer. At the cathode, protons react with oxygen to form water.

Product water exhausts from the cathode compartment.

Hydrogen and oxygen gases are stored at 2.07x10 "z N/m 2 (3,000 psia) (Ref. B-3) for

use in the fuel cell. The gases are regulated down to fuel cell operating conditions (4.14x105 to

6.9x105 N/m 2 or 60 to 100 psia). Oxygen is regulated to a few psi higher than hydrogen (for

safety reasons) to insure that only oxygen is entrained in the product water. The reactant gases

must be humidified prior to reacting in the stack. Humidification will be discussed in the water

management section.

The hydrogen and oxygen gases are combined in the fuel cell to generate electricity and

water. The product water is discharged into the cooling water loop. As the cooling water

accumulator approaches the filled condition, the product water drain valve opens to allow water

to flow to the storage subsystem.

The product water which leaves the fuel cell stack will be saturated with oxygen. This

oxygen must be removed prior to entering the water storage tank. An approach for doing this

has been demonstrated (external to the fuel cell) by Hamilton Standard, as seen in Figure B-3

(Ref. B-3). Water passes through an ion exchange membrane from the product water stream to

humidify the dry hydrogen gas. Hydrogen diffuses from the hydrogen stream through the

membrane to the water stream and combine with the oxygen to form water. Excess hydrogen is
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returned to the hydrogen stream using an electrochemical hydrogen pump. Thus, only gas free

water returns to the storage tank.

The fuel cell design options have to do with the type of membrane. Table B-1 (Ref. B-3)

compares the fuel cell design options on a power density basis. The values in this table assume a

system with 25 kWe net output continuously, 55% fuel cell thermal efficiency (based on

1.48 VDC) for 20,000 hours, and a design that is thermal vacuum compatible.

TABLE B-1. FUEL CELL DESIGN OPTION POWER DENSITY COMPARISON

Fuel Cell Subsystem Description

"SOA Design" with Porous Hydrophillic
Phase Separators (Space Station
design)

Nation 120 Nation 125/117 Dow
Membrane Membrane Membrane

(current) (advanced) (advanced)
W/kg W/kg W/kg
103 184 307

Electrolyzer Cell Stack Des_:riDtion

The PEM electrolyzer has the same type of ion exchange membrane as the PEM fuel cell

to transfer H+ protons from the anode to cathode as was shown on the left of Figure B-2. Liquid

water is pumped from the water storage

recirculation loop, as was seen in Figure B-1.

the cell stack on the anode side of each cell.

membrane (PEM) forming a second water loop.

tank by the water feed pump into the water

The water recirculalion loop feeds the water into

Some water passes across the proton exchange

Excess anode water loop flow is used to remove

waste heat from the stack. Separators in the cell stack separate the hydrogen and oxygen gases

from the liquid water streams, as seen in Figure B-4 (Ref. B-3). The separated gases

(saturated with water vapor) are fed into regenerative dryers or are fed directly to the reactant

storage tanks.
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a)HYDROPHOBIC OXYGEN PHASE SEPARATOR

02/H20

H2Oto
recirculation

02 O2

O2/i.t20 Hydrophobic __ 1_
from material Wet 02 to

electrolysis storage
cell

b)HYDROPHILIC/ELECTROCHEMICAL HYDROGEN PHASE SEPARATOR

H2/H20 from Hydrophillic Wet H2 to
Electrol 'sis Cell, Coalescing material storage

No _

_x,,_ pumped H20 / k\Xl [_

Membrane and electrode assembly _ Liquid H20
to anode loop

I Note:Dimensions not to scale. I

Figure B-4. Oxygen and hydrogen phase separators in electrolyzer stack.
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Various electrolyzer options were identified involving different cell spacings and

differentmembranes. The estimatedpowerdensitiesfor each design is shownin Table B-2

(Ref. B-3). Table B-2 values assumea systemwith 70% electrolyzerthermal efficiencyfor

20,000 hours, 2.07x10"t N/m2 (3,000 psia) gas generation pressure, thermal vacuum

compatibledesign,and 13kg/hof waterelectrolyzed.Only the Nation120 membranehasbeen

life tested at 2.07x10? N/m 2 (3,000 psia).

TABLE B-2. ELECTROLYZER DESIGN OPTION POWER DENSITY COMPARISON

Electrolyzer Subsystem Description

"SOA Design" with Static Separators
"Advanced Design" with Static
Separators

Nation 120
Membrane

(current) .
W/kg
258
347

Nation 125/117
Membrane

{advanced) .
W/kg
327
392

BOW

Membrane

{advanced)
W/kg

377
414

The state-of-the-art (SOA) electrolyzer design utilizes the cell design which is used for

U.S. and Royal Navy submarines. This cell design allows for 2.75 cells per centimeter (0.36

cm thick). The U.S. Navy utilizes a 2.07x10' N/m 2 (3,000 psi) stack while the Royal Navy

uses a 1.03x106 N/m 2 (150 psi) stack design.

The "advanced" (Ref. B-3) electrolyzer design utilized a cell design of 12 cells per

centimeter (0.083 cm thick). This cell was incorporated into a 120 cell stack for testing by

the U.S. Navy as a low mass oxygen generator prototype. The advanced cell stack was designed

for a maximum pressure of 2.76x106 Nlm 2 (400 psi) without a housing. SOA cell stacks use a

cell size of about 214 cm 2 (16.5 cm circular cell). This appears to be the optimum efficiency

cell size for several 2.07x10 ? N/m 2 (3,000 psia) electrolyzer applications (Ref. B-4).

Thermal Management Subsystem Description

The thermal management subsystem provides temperature control, heat transport, and

heat rejection functions. Pumped water and coolant loops provide the heat transport function,
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as seenin FigureB-5. A radiatoris requiredto removewasteheatfromthe RFCsystem.There

are inefficienciesin both the fuel cell stack and electrolysis cell stack which create waste heat.

Membrane temperature must be controlled to prevent failures and meet life requirements.

Water cools the stacks by collecting the waste heat and then transports the heat to one or more

heat exchangers (one for electrolyzer and one for the fuel cell, or possibly a combined heat

exchanger). These heat exchangers then transfer heat to the radiator coolant loop. Waste heat

from the fuel cell may also be utilized to keep the electrolyzer from getting too cold.

gas/
coolant
heat

exchanger

DRYER REGENERATION FUNCTION

To oxygen dryer

Dry oxygen from tank

Dry hydrogen from tank

To hydrogen dryer

Water

Water from from

electrolysis fuel cell

ce" l 1 1
water/coolant heat exchanger

TEMPERATURE CONTROL FUNCTION

Figure B-5. Thermal management subsystem.

Radiator

HEAT REJECTION

FUNCTION

The heat rejection assembly provides a means for rejection of waste heat to the

environment. Radiators for heat rejection are in some cases a major component of the power

system mass. Radiators can also be quite large due to the low operating temperature.

Various options are available for the radiator design. Pumped loop radiators have been
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usedsuccessfullyfor the spaceshuttleandwill be usedfor SpaceStationFreedom(SSF). This

type of radiator is best applied to missionswith limited durationor to systems which are

serviceable. Pumpedloop radiatorsare less massivethan state-of-the-artheat pipe radiator

designs. Heatpipesoffer the advantageof improved reliability and a graceful failure mode. A

recent Rocketdyne study has shown that advanced carbon-carbon (C-C) heat pipe radiators can

be designed which are competitive in mass to pumped loop radiators. Thus, a heat pipe radiator

was tentatively selected as the baseline design.

The baseline heat rejection assemblies for RFCs utilize lightweight, passive, reliable,

heat pipe radiators that are sufficiently versatile to allow integration into a variety of

configurations. The individual heat pipes operate independent from one another and thus the

failure of a heat pipe will not result in failure of the complete radiator. The rectangular

radiator heat pipe panel is attached to the coolant manifold. The cooling loop transfers heat to

the heat pipes in the manifold heat exchanger. The heat pipe working fluid evaporates and

travels to the top end of the heat pipes. The evaporated fluid is then condensed in the cooler

section of the heat pipe. Both gravity and a small wick or grooves allow the liquid to return to

lhe evaporator. A wick or groove is not absolutely necessary for vertically oriented radiators

(due to gravity return) but is recommended to insure good control of the fluid transport. The

heat pipes may be either carbon-carbon tubes with metal liners (Monel for water or aluminum

for ammonia working fluids) or metal heal pipes.

Condensation and freezing of the water in critical locations must be prevented by

maintaining fluid temperatures within limits. Thermal control of the lines and tanks may be

accomplished by insulation, trace heating, insulation and trace heating, or convective

heating/cooling using the radiator coolant. Composite tanks need to be kept above 219 "K to

prevent tank failure. The composite tank liner will begin to separate from the overwrap at this

temperature and buckling will occur. It may also be desirable to prevent the water vapor in the

gases from freezing in the tanks. Fluid lines may also require thermal control to prevent water

freezing and clogging of lines (especially in the pressure regulators).
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Water Management Subsystem Description

Water management includes moisture control of the fuel cell membrane and the removal

of moisture from electrolysis module product gases.

The moisture content of the fuel cell stack membranes must be carefully controlled to

prevent dehydration and reduced life. The reactant gases must be humidified to maintain the

proper membrane moisture content.

The traditional humidification approach for PEM fuel cells is shown in Figure B-6

(Ref. B-4). The humidifier automatically presaturates the incoming hydrogen and oxygen

reactants to a dew point equal to the cell operating temperature. This latter approach was used

in the Hamilton Standard SPE ® fuel cell. The problem with this approach is that the product

water going to {he storage tank is saturated with oxygen, tf the oxygen is not removed from the

water, then the gas will accumulate in the waler tank and have to be vented off (undesirable loss

of reactant).

Another gas humidification approach, which is more appropriate for space systems, was

shown in Figure B-4 (Ref. B-3). This approach also removes the oxygen gas from the product

water and there is no gas buildup in the tank. This concept converts the oxygen to water by

diffusion of hydrogen across the membrane. A hydrogen electrochemical pump keeps hydrogen

from evolving in the water. Excess hydrogen is pumped back to the hydrogen side of the device.

Although not shown if Figure 4, the oxygen reactant is also humidified in this same device.

If regenerative gas dryers are used in the system, then the gas from the tanks will be

partially rehumidified during regeneration of the dryers as is seen in Figure B-7 (Ref. B-5;

only the oxygen humidification is shown).' Heat must be added to the cool dry gases in order to

vaporize the water in the dryers. The purpose of this process is primarily to recover water

from the gas dryers. Most of the gas humidification will be done using a humidifier such as was

shown in Figure B-4.
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Figure B-6. SPE ® fuel cell reactant prehumidification approach.
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Figure B-7. Water recovery from the oxygen regenerative dryer.
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Severalapproacheshavebeen suggestedfor recoveringmoisturefrom the electrolyzer

gases. Thekeyconcernsarepreventingfreezingof waterin the linesandthemasslossfromthe

system if the water is not fully recoveredeach operatingcycle. The LANL study (Ref. B-l)

proposeslettingthe watercondenseand freezein the tankwhilekeepingthe feed linesheated.

Someof the water is removedfrom the tankas a liquidby usinga trap. The remainderof the

water in the tankfreezes. The residualwater is recoveredby heat inputto the tankduringthe

day as additionalwarmgas fromthe electrolyzeris introduced.

Anotherwater recoveryapproachsuggestedby HamiltonStandard(Ref. B-5) is to dry

the gaseswith regenerativedesiccantdryersleavingonly a traceof moisturein the gases. This

wouldsignificantlylower the dewpoint for the remaininggasesto a temperaturewhich is below

ambient or would not require much insulationor heat input to prevent condensation. A

sacrificialdryer might also remove the remainingtrace water. Moisturewould be removed

from the dryersduring fuel cell operationby passingthe dry gas from the tanks back through

the dryers at the lower fuel cell pressure(need large driving force to recover the water).

Potentialdesiccants includesilica gel and molecularsieve (Ref. B-6). Silica gel is used at

lower temperatures(below363 °K) due to its high moisture recycling capacity compared with

other industrial desiccants (about 0.35 kg water/kg gel at 303 °K and 80% humidity per

Ref. B-7). Molecular sieve is used at higher temperatures (>393 °K) due to its high moisture

recycling capacity and physical stability at higher temperatures. Potential configurations for

desiccant dehumidifiers include a packed bed, Teflon fiber plates, a corrugated structure, and

coated parallel-passages. A coated parallel-passage concept appears to have a great potential to

provide an effective dehumidifier. This clesign consists of parallel-walled passages (laminar

flow channels) with fine silica gel particles (80-250 mm) glued to the walls.

Storage Tank Descriotion

For this study, it was assumed thai oxygen and hydrogen would be stored at high

pressure. The storage tanks will be made of composite materials. A metal liner is overwrapped
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with carbon or graphite fibers. The liner will probably be aluminum for the hydrogen tank and

a corrosion resistant material such as Inconel, niobium, or tantalum for the oxygen and water

tanks.

Reliability and life are the key areas of interest for tank design. Thus, materials must

be selected which are stable against corrosion and hydrogen embrittlement for the system life.

Current composite tank designs may exhibit high stress when driven through large temperature

varialions, so the liner materials must be carefully matched to the wrap material in terms of

the coefficient of thermal expansion. Otherwise, tanks must be thermally controlled to limit

temperature changes (may be difficult when going from non-operating to operating status).

Tank linings must exhibit very limited corrosion even with pressurized oxygen storage and

perhaps even with wet gas storage. Tanks must be rugged enough to survive the transportation

phase of deployment. The use of multiple tanks may be required to meet system reliability

requirements. Some elementary cladding may be required to provide an element of shielding

from meteorites (the system housing may also be used for this purpose).

PP&C Subsystem Descriptign

The PP&C subsystem has not as yet been defined for this concept. Two basic approaches

can be taken. In the first approach, which is the same as for the DIPS, the system is designed to

provide a constant power and voltage output. This approach requires a dc voltage regulator to

process the fuel cell output. In the other approach, the power conditioning is done at the user

loads. In this second approach, the fuel cell output can vary with time (i.e., voltage is

unregulated). This approach allows the power processing to be optimized for each load. The

power input to the electrolyzer module can also be regulated within the RFC power system or as

part of the recharging power system.
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TECHNOLOGYISSUES

Thekey issuesfor developmentof a PEMRFCsystemand theirimpactsaresummarized

in TableB-3. Manyof the remainingdevelopmentissuesfor this conceptare relatedto system

integration. Limitedworkhasbeendone in this area. Majorissuesof life and reliabilitycanbe

resolvedwith simplified system concepts which utilize fewer componentsand fewer active

components. EarlierPEMcells havealreadyproventhemselvesin spaceapplications(Gemini

fuel cells and SSFRFCprototype)and navalapplications(electrolysiscells). Thus, it appears

thatthe remainingtechnicalissuescanbe resolvedanda spacequalifiedsystemdevelopedwhich

hasa reasonablelife (20,000hoursor morewith a 50%duty cycle). Thetechnicalissuesand

potentialsolutionswill be discussedin moredetail in the followingparagraphs.

TABLEB-3.PEMRFCDEVELOPMENTISSUES,IMPACTS,ANDDEVELOPMENTAREAS

ImpactsIssues

#1- Limited life

components and
reliability of many
parts

i#2 Material

compatibility

#3 - Cell temperature
and moisture control of
fuel cell membrane

#4 - Oxygen in fuel
cell water

#5 - Water in
electrolyzer gases

• Increased frequency of
replacement, maintenance,
transportation cost

•Mass and complexity of
redundant components

.Reliability/life

.Life

•Mass/energy loss from the
system due to venting of oxygen
from water tank

•Tank corrosion if wet gas stored
(life and reliability)

•Tank insulation mass

'Complexity of gas dryer
systems

,Clogging of lines due to ice
_,Energy and mass loss due to

unrecovered water

Potential Development Areas

•Development of passive system
• Long life pumps, drives,valves,

and controls

• Materials for use with high
pressure 02

•Materials for wet gases
,Materials immune to hydrogen

embrittlement

,Thermal control loops
,Passive internal fuel cell gas

humidifiers

,Regenerative gas dryers
,Internal deoxygenator in fuel cell

,Low mass desiccating regenerative
dryers

,Tank liner materials
,Tank and/or line thermal control
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TABLEB-3.PEMRFCDEVELOPMENTISSUES,IMPACTS,ANDDEVELOPMENTAREAS
(CONTINUED)

Issues

#6 - Large, massive
radiator due to low heat

rejection temperature

#7 - Long duration
portable applications

#8 - Reactant storage
system mass and
volume

#9 - High pressure gas
storage tank failure

#10 - Efficiency of
electrolysis cell
reduced at higher
pressure
#11 High Water
Purity Requirement

Impacts

,Increased transporlation cost,
complicated vehicle design
(orientation for stability and
mobility)

r,Transportation cost
,Range limits or need to carry

PV array
• Mass/number of trips

(transportation cost)

• Increased system mass due to
higher factor of safety

•Transportation cost
• Increased waste heat; larger

radiator

.Life

Potential Development Areas
•Higher temperature cells (higher

reject temperature)
•Low mass carbon-carbon radiator

•Heat pump
•Low mass storage tanks
,Advanced membrane

•Low mass PV arrays
•Low mass high pressure tanks

,Advanced composite tanks and stack
pressure vessel

,Low mass tanks, PV arrays, and
radiators

•Tank pressure following

Use materials
contaminate water

,Deionizer

thai won't

Issue #1 - Limited Life and Reliability

The life of an RFC system for SEI applications is presently unknown. The life of a system

depends on the duty cycle for the application among other things. Fixed applications will

generally have a 50% duty cycle (half of the time in the fuel cell mode and half of the time in

the electrolysis mode). Degradation of the cell membranes is reduced when in a non-operating

mode, especially if the temperature is reduced (Ref. B-5). Mobile equipment may have reduced

duty cycles (i.e., short operating time and long recharging time). Only equipment common to

both the fuel cell and electrolysis modes of operation such as the heat rejection system will be

on continuously. A life goal of 20,000 hours for RFC systems (50% duty cycle) was assumed

based on current technology and a desire to meet an IOC of 2001 for a lunar landing (Refs. B-1

and B-8). This life goal also corresponded to the life requirement for a lunar mission for

earlier Palhfinder studies (Ref. B-8). Long life has been demonstrated (Ref. B-5) in the

laboratory on a subscale level for PEM fuel cells (60,000 hours) and electrolysis cells

(115,000 hours over 15 years). These have been primarily cell tests with state of the art
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membranes(Nation).Advancedcell membranesmadeby Dow have not undergone long duration

life tests. The major area of concern for life is the moving parts (pumps, valves, regulators,

etc.) which have not demonstrated long life for space applications. In the LANL study

(Ref. B-l), it is stated that this is a major concern based on the design of current space type

hardware. However, pump life can be prolonged if the pumps are operated continuously rather

than in a cyclic mode (this is probably required anyway for thermal control of the stacks while

in a non-operating condition). Long life RFC systems will be obtained by development of

advanced designs or with redundancy for less reliable components.

Passive component design is desirable in an RFC where possible to improve system

reliability and life. Passive phase separation (i.e., separation of the water, oxygen, and

hydrogen) is desirable and should be easy to accomplish based on terrestrial systems which use

a gravity feed approach. Microgravity static phase separators developed for Space Station might

also be used for SEI applications.

Issue #2 - Material Compatibility

The electrolysis gas products are saturated with water vapor. The presence of water in

the oxygen tank may cause corrosion unless proper precautions are taken. The tank liner should

be compatible with a corrosive environment or have a protective coating. Inconel 617,

niobium, or tantalum will provide corrosion resistance. However, these materials have not

been used as liners for composite tanks (at least not by Structural Composites Industries;

Ref. B-9). Current composite tanks are made from aluminum or stainless steel. Plastic

coatings could be used as long as the gas temperatures were less than about 370 °K. Aluminum

could be utilized as the hydrogen tank liner to prevent hydrogen embrittlement.

Issue #3 - Temperature and Moisture CgnlrQI

Thermal control and membrane moisture control are required elements for stable, high

performance of PEM cells. Temperature control is important because the system produces
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liquid water. Freezing of the water in the lines or cell would result in system failure.

Excessive temperatures, on the other hand, can cause separator (electrolyte) alterations.

Severe membrane dehydration often can result in irreversible failure, due in part to shrinkage

and rupture of the separator sheet. Consequently, the system design must include reliable

temperature and relative humidity controls. Moisture must also be removed from electrolysis

stack gases. Water and thermal control approaches were previously discussed.

Issue #4 - Oxygen in Fuel Cell Product Water

Oxygen gas will accumulate in the water tank if not removed from the product water

stream. Eventually, the gas must be vented to prevenl vapor lock. The gas which is vented must

be replaced and this increases the system mass. A concept developed by Hamilton Standard (Fig.

B-4) removes the oxygen from the water while humidifying the fuel cell reactant gases.

However, this concept has not been incorporated into a fuel cell design.

Issue #5 - Water in Electrolyzer Gases

The phase separator will only remove the liquid water from the electrolysis cell product

gases. A limited amount of water vapor will remain in a high pressure system due to the low

operating temperature (water will condense until the partial pressure of the water gives a

saturation temperature which matches the bulk gas temperature). The water vapor remaining

in the gases can create problems if left in the system. Storage of wet gases in the tanks would

require corrosion resistant materials. If not properly insulated or provided with waste heat,

then the water may condense on the tank walls and freeze. Water could also freeze in the feed

lines from the tanks and prevent gas flow. Several approaches are possible for dealing with

these problems as were previously mentioned.

Major issues for desiccant gas dryers include repeatability (i.e., ability to regenerate

the desiccant), efficiency (i.e., the percentage of the water which can be removed from the gas

and the amount which can be recovered from the desiccant), parasitic power losses (i.e.,
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pumpingpowerrequired),performancedegradation,heat inputand temperatureof gas stream

requiredto regeneratethe bed,and preventingfreezingof the moistureduring regeneration.

Work by HamiltonStandardwith a molecularsieve dryer has shown the ability to

removeover 99% of the water from a gas stream(Ref. B-5). Pressuredrop throughthe bed

can be minimizedby properbed design. A parallelflowpathdesigndevelopedby SERI is one

option for a compact,low pressuredrop dryer (Ref. B-6). Degradationin dryer performance

is mainly due to contamination of the bed. Degradation can be controlled by eliminating

contaminants in the system and by use of a closed system. Sufficient heat input must be

available to the bed for regeneration to prevent freezing of the water. This is because the

regeneration (desorption) is endothermic. Heat transfer enhancement through the use of fins or

a high conductivity foam material matrix may be required. The bed must be designed such that

regeneration can occur at the low temperatures (about 339 °K) which will be available due to

heating of the dry gases by the fuel cell product water. In the past, silica desiccant dryers have

been regenerated with air at 394 to 478 °K.

Issue #6 - Large Radiator Due to Low Heat Re!ection Temperature

The RFC systems require large radiators due to the low reject temperature (333 °K)

and high heat sink temperature (256 °K for vertical radiators and no ground cover). For this

study, it was assumed that the radiator would be designed for nominal power levels. It was also

assumed that peaking power waste heat loads can be handled by the thermal inertia of the

system. This assumption needs to be verified analytically and empirically. Particularly, the

effect of higher operating temperature and thermal cycling on cell degradation should be

examined.

The large radiation area required for RFC systems results in massive radiators which

are a significant portion of the total mass of portable RFC systems. The Martian winds have

little effect on cooling of the radiators. It is possible that a forced convection cooling system

using a fan might reduce the size of the radiators although at the cost of additional power to run
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the fan and reducedsystemreliability. Thisopensup otheroptionsin radiatorplacementwhich

wouldbeof benefiton mobileequipmentonMars. Developmentof low massradiatorsis needed

to minimizesystemmass. Developmentof highertemperaturefuel and electrolysiscells would

helpto reduceradiatorsize by increasingthe radiatorheat rejectiontemperature. However,a

higheroperatingtemperaturewould reducecell life (seeTable B-4) and require the use of a

porousmetal supportfor the electrolyzercell.

TABLEB-4.PROJECTEDELECTROLYSISCELLMEMBRANELIFE

Inlet Water Temperature
(°K) I Exit WaterTemperature(°K)

422

ProjectedMembraneLife
{hrs)

322 339 2621800
356 378 87,600

444 8,760

Issue #7 - Long Duration Systems

Long duration applications such as the rover vehicles would require a large amount of

reactants. Requirements for these vehicles would require heavy tanks (both due to the tank

mass and reactant mass). Most of the power system mass for these applications is due to the

reactant storage. It is not practical for mobile system to carry the large PV arrays required to

run the electrolysis stack for Mars applications (due to low insolation rate). However, some

cells may be placed on the vehicle exterior surfaces to provide part of the day power and reduce

RFC power requirements. Reduced night time power requirements (i.e., for a manned or

telerobotic controlled vehicle; assuming no travel during sleep period) for these applications

would reduce the power system size and reactant storage required. The mass of the power

system could be reduced by reducing tankage mass (i.e., using composite materials), improving

cell efficiency (use of new membranes such as that made by Dow), and reducing parasitic power

losses (use of passive thermal control, passive product water collection, etc.).
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Issue #8 - Reactant Storage System Mass and Volume

The choice of the on-board reactant storage approach also impacts power system mass.

Reactants can be stored either as low pressure gases, high pressure gases, or as low pressure

cryogenic liquids. A tradeoff must be made between the mass/volume of gas storage tanks versus

the mass/power of the liquefier for cryogenic liquid storage in order to select the best approach.

High pressure storage offers smaller tanks but reduced safety over low pressure gas. Liquid

cryogenic storage offers smaller, more costly tanks and more complex systems (i.e., thermal

management). Cryogenic storage systems might have reduced reliability due to increased

numbers of moving parts (refrigeration and liquefaction hardware) and complexity. Additional

work would be needed to improve liquefier efficiency and reliability to make this approach

viable (i.e., to carry along a liquefier as part of an RFC system).

Issue #9 - High Pressure Tank Safety

The safety issues involved with storing oxygen and hydrogen will be more severe a

problem than current usage on the Shuttle. Fuel cell reactants on the Shuttle are stored as low

pressure cryogens. However, high pressure (2.07x10 _ N/m 2 or 3,000 psia) PEM

electrolyzers are used in submarine applications and the oxygen generated by these cells is

stored at high pressure. The space application may require storage of reactants as high

pressure gases. Design safety factors for burst pressure will be higher for man-rated systems.

The higher pressure requirement will mean heavier tanks and pressure vessels for the

electrolysis cells products. Composite gas storage tanks have the advantages of low mass and

leakage before burst. Alternatively, reactants may be stored at low pressure as cryogenic

liquids. Tank weight will be more of an issue for lunar systems than for Mars systems due to

the longer storage time.
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Issue #10 - Reduced Efficiency of Electrolysis Cells at Higher Pressure

There is a diffusional inefficiency in PEM electrolysis cells which increases as the

operating pressure increases. High pressure operation of an electrolysis cell requires that part

of the current input be used to compensate for this back diffusion. For the 2.07x10 ? N/m 2

(3,000 psia) NASA JSC unit, which operates at a nominal current from 180 to 350 amps, it

takes 15 amps just for back diffusion compensation (up to 8% of the total input). This results

in a larger charging power system to drive the electrolysis unit. Thus, one must tradeoff

between the size and mass of a photovoltaic array (or other power system) and the size and mass

of storage tanks required for lower pressure systems. For the short operating times required

on Mars it is probably better to operate at a lower pressure than for a lunar system. However,

this tradeoff needs to be quantified.

Issue #11 - High Water Purity Reauiremenl

PEM separators are susceptible to ionic contamination in the electrolysis mode. The

presence of metallic cations must be controlled. Thus, the use of high purity water is required

for the PEM electrolysis cell to maintain performance (preserving high activity of the

electrocatalysts and maintaining high ion exchange capability of the membranes). In addition,

the impact of dust contamination in the system must be studied to determine potential system

impacts. Potential development of new membranes which are more tolerant of impurities is a

possibility. Alternatively, the system should be completely clean when assembled and be made

of materials which wilt not contaminate the water. A closed system where reactants are never

replaced would eliminate external contamination. These latter two approaches would eliminate

the need for maintenance of a water purifier such as a deionizer and any particulate filters.

However, a closed system would eliminate the option of replacing reactants from a centralized

electrolyzer (i.e., primary fuel cell approach).
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TEC_Y ASSESSMENT

The technology bases were assessed for the following major RFC subsystems:

• fuel cell stack;

• electrolysis cell stack;

• thermal management;

• water management;

• reactant storage tanks; and

• PP&C.

The technology readiness of each assembly was evaluated using the NASA technology

readiness levels. These evaluations are summarized in Table Bo5 which shows that the RFC has

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The

technology base for each assembly is briefly discussed in the following sections.

TABLE B-5. RFC TECHNOLOGY ASSESSMENT

Subsystem

Fuel cell stack

Electrolysis cell stack

Active thermall

management

Water management

Reactant storage tanks

Technology
Readiness

Level

3.5

4

3

4

Comments

Early design flown on Gemini; prototype developed
for space station RFC based on earlier Hamilton
Standard design; new International Fuel Cell design
not flown (engineering qualified in 2.5 yrs for
DARPA program)
Large database for naval applications; prototype
developed for space station applications
Advanced C/C heat pipe radiator development
currently underway; long life active components not
developed for space applications; some sealed water
pumps and drives for terrestrial applications have
demonstrated long life
Passive phase separation designed for Space Station :
Freedom (SSF) prototype; silica gel dryers widely
used for gas drying in terrestrial applications;
limited experience with regenerative gas dryer
systems
Small tanks successfully flown; need corrosion
resistant liner development

PP&C 5 SSF
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RFC System State-of-the-Art

Hamilton Standard designed, developed, tested, and delivered a 1.5 kW PEM breadboard

RFC system to JSC in January 1983 (Ref. B-5). The RFC breadboard system was tested for

2,000 total ninety minute orbital cycles (1,630 by NASA). The fuel cell module of the RFC was

later replaced by an advanced module and tested for about 500 hours. This breadboard was not

tested in a relevant environment (i.e., vacuum or low pressure carbon dioxide, low gravity,

day/night thermal cycles, etc.). In addition, the breadboard did not include key components such

as composite tanks, radiators, and long life active thermal control components.

Although the fuel cell technology is fairly well developed in PEM systems, the system

integration of the accessory components and cell stack is not as mature as that of the alkaline

fuel cells. The technology readiness of the PEM RFC is estimated to be 3.5 for the current

application.

Fuel Cell State-of-the-Art

A PEM fuel cell developed by Hamilton Standard (United Technologies) was used on the

Gemini missions from 1962-66 (Ref. B-10). After the Gemini space flights, Hamilton

Standard pursued further development of PEM fuel cell technology. The major breakthrough

was the replacement of polystyrene sulfonic acid ion exchange membrane by perfluorinated

sulfonic acid polymer, Nation, produced by DuPont, as the electrolyte. PEM fuel cell technology

has since advanced with the introduction of the Dow experimental membrane. The Dow

membrane has greatly increased the current density of PEM systems over the current densities

available from DuPonl's former state-of'-the-art membrane, Nation 117. Dow has not yet

started production of their membrane , but is supplying it to fuel cell manufacturers for testing

and evaluation.

Cell lives of 60,000 hours (6.85 years) in the laboratory have been achieved by

Hamilton Standard with PEM fuel cells (Refs. B-4 and B-5) because there are no corrosive

electrolytes to cause contamination. PEM fuel cells can operate with high concentrations of
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gaseslike CO2,whereasthe KOHelectrolyteof alkalinefuel cellswouldreactwith the CO2 and

cause precipitation.

A PEMfuel cell subsystemwasdevelopedby HamiltonStandardin the 1980sfor a RFC

demonstratorfor the SpaceStationFreedom(Ref.B-2). Thefuel cell had a 1 to 2 kWe rating.

The RFC demonstratorunderwentparametrictesting at the factory prior to its delivery to

NASNJSC.

TreadwellCorporationhasdesignedand built a PEMfuel cell stackand associatedtest

stand(Ref. B-11). The stackwasdesignedfor an outputpowerof 10 - 30 kW. Variousstacks

havebeentested. This fuelcellsystemwasdesignedfor autonomousunderwatervehicles.

BallardTechnologiesCorporationin Canadahasbuilt smalldemonstratorstackswith the

Dowmembraneand was the first to achievehighpowerdensitiesin a solidpolymerelectrolyte

fuel cell (Ref. B-10). The Ballarddesignappearsto be similarto the HamiltonStandardfuel

cell design.

Siemensin Germany(undera licensefrom HamiltonStandard)is also using the PEM

technologyto developfuel cell systemsfor submarinepowersystems(Refs.B-10and B-12).

LANL has two of the Dow PEM fuel cells on test, achieving0.92 V at 2153 A/m2

(RefB-10). Dow has made a commitmentto providemembranesto a product specification;

whereas,they were previouslyin processdevelopmentand membranequality/consistencywere

not up to par for commercial use.

PEM fuel cells are well suited to passive water removal. The absence of a liquid

electrolyte that has narrow concentration limits makes water management less of a problem.

Ergenics Power Systems, Inc., is developing a flight-qualified 200 W fuel cell with passive

water and heat removal for a Space Station extravehicular mobility unit (Ref. B-10).

International Fuel Cells (IFC) has tested a 16 cell, 5 kW stack using Nation membranes

and is now evaluating the Dow membranes. This is a new PEM design which is different from the

fuel cell which flew on Gemini. IFC also worked on a "static" PEM fuel cell (Ref. B-13). This

concept eliminated the power consuming pumps associated with the management of the product
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water. The designalso incorporatedheatpipes into the systemto create a "static" waste heat

management subsystem which eliminated the cooling subsystem parasitic power loss. This

approach offered significantly improved reliability and higher system efficiency. IFC completed

breadboard experiments and validated this system concept. IFC has since changed their design

(Ref. B-14). The latest design has no heat pipes and requires a cooling loop with a pump.

However, the water removal still utilizes a static approach. This concept is proprietary and

few details were available from IFC. However, this concept uses graphite plates and either Dow

or Nation 117 membranes (Nafion is the baseline). IFC has tested both single cells and short

stacks with its latest design. IFC has a DARPA contract to produce a 7.5 kWe fuel cell for

unmanned underwater applications. This power plant will be available (engineering qualified)

in 2.5 years. The life of this fuel cell is expected to be a few thousand hours. The DARPA fuel

cell technology should be suitable for space since it is not affected by a zero gravity

environment.

Electrolysis Cell Stack State-of-the-Art

Hamilton Standard has an extensive data base in high-pressure electrolysis. The

2.07x107 N/m 2 (3,000 psi) cell design is currently used in the oxygen generation plant (OGP)

developed for the U.S. Navy and in the production units for the British Navy nuclear

submarines. Hamilton Standard has over 20 years experience building PEM electrolyzers for

the Navy (Ref. B-10). They have demonstrated 13 years of continuous usage of a PEM

electrolyzer cell in the laboratory. U.K. Navy electrolyzer cells have accumulated a total of

69,000 system hours of usage as of January 1992 without any failures. One Navy electrolyzer

cell stack has accumulated over 13,000 hours of usage at sea over a 5 year period (Ref. B-5).

During the 1980s, three demonstrators were developed by Hamilton Standard

(Ref. B-2). These electrolyzers were fabricated and then tested by NASA. Each of these

systems made use of the identical 213 cm 2 SPE ® water electrolyzer design used for naval

applications.
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Thefirst of thesesystemswasa PEMRFCdemonstratorfor SpaceStationFreedom.Over

2,000simulatedorbitalcycleswereaccumulatedon this hardware.This programdemonstrated

a closed system fluid cycle balance, direct solar array/electrolyzervoltage/currentcontrol

compatibility(no power conditioningrequired),and an energy storageefficiencyof 48% with

the electrolyzerat ambienttemperature. Later in the programthe PEMfuel cell was replaced

by analkalinefuel cell and the systemwasoperatedfor 100cycleswithno problems. This test

showedthe compatibilitybetweena PEMelectrolyzerandan alkalinefuel cell (i.e., no KOHions

went to the PEM electrolyzerthroughthe productwaterand no sulfonicacid groups passed

throughthe PEMelectrolyzergasesto the fuel cell; somepeoplehad thoughtthat the acid and

basein eachunitwouldmixand neutralizeeachother). Recently,someof the electrolyzercells

were replacedby high performancecells using the Dow membrane. The electrolyzermodule

underwentadditionaltesting and showedsignificantperformanceimprovement,especiallyat

highercurrent densities.

ThesecondHamiltonStandarddemonstratorwasanoxygengeneratorassemblydeveloped

under contract to Boeing Aerospaceand ElectronicsCompany (Ref. B-2). The operating

pressure,temperatureand currentdensityof this demonstratorare within the experienceof

navalapplications.Howeverthisdemonstratordifferedfrom the Navydatabase becauseof the

needto operatein a microgravityenvironmentanduseprocessedhygienewaterasthe feedstock.

Twomembranestaticphaseseparatorsareusedto replacethepressurevesselphaseseparators

used previously. The demonstratorwas activatedat NASA/MSFCin November1990 and

operated for 529 hours which exceeded the test objective of 450 hours. This program

successfully demonstrated the operation of microgravity phase separators. There are

continuingtestsof this unit to improvethe cell voltageperformance.

The third HamiltonStandarddemonstratorsystemwas developedto show the feasibility

of producing 2.07x10"t N/m2 (3,000 psi) hydrogenand oxygenon orbit for periodic rocket

motor firing to maintain Space Station Freedomorbital altitude (Ref. B-2). Under NASA

sponsorship,initial work was performedto convert the heavy 2.07x10_ N/m2 (3,000 psia)
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naval SPE® electrolyzerdesign into a space flight configuration(Ref. B-4). This required

developmentof a lighterand smallerpackage. Changesweremadeto the supportingpressure

vesselandfluid manifold.Theuseof twotorisphericaldomesopposedon eithersideof a central

fluid plateallowedfor a wall thicknessof as low as onequarterof an inch whenusingInconelor

other high strengthmaterials. The fluid plate manifoldis pressurebalancedbetweenthe two

pneumaticdomeswhicheliminatesthe needfor a thickplateto resist the gas pressureload,as

used in the Navyhardware. This workproduceda prototypecell stack for space applications

that weighs less than 91 kg total (down from 454 kg for the 100-cell naval cell stack and

pressurevessel). This unit was deliveredin 1990. This demonstratorhas been set up and

operatedintermittentlyat NASA/JSCduringthe last year. Thiscell was recentlytestedby JSC

for 500 hours (Ref. B-2). This unit operatesat 322 °K at a thermal efficiencygreater than

70%(definedas the ratioof the powerinputminusthe heat rejectedto the power input).

Thermal Management Subsystem State-of-the-Art

NASA LeRC is currently carrying out an integrated multi-element project for the

development of space heat rejection subsystems with special emphasis on low mass radiators in

support of SEI power system technology (Ref. B-15). This effort involves both in-house and

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA

LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe

radiator concept being developed by Pacific Northwest Laboratories (PNL). In-house work at

NASA LeRC is designed to guide and support the overall program by system integration studies,

heat pipe testing and analytical code development, radiator surface morphology alteration for

emissivity enhancement, and composite materials research focused on the development of low

mass, high conductivity fins. This program is concentrating on technologies capable of

development before the end of the decade for both surface power and nuclear electric propulsion

(NEP) applications.
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Specificobjectivesof the ARC contractsare to achievespecificmassvalues<5 kg/m2

with radiator surface emissivities of 0.85 or higher at typical radiator operating

tempera_reB, and reliability values of at least 0.99 for the heat rejection subsystem over a ten

year life. These figures represent a factor of two improvement over the currently considered

heat rejection subsystem for SP-100, and even greater improvement factors for state-of-the-

art heat rejection systems used in current spacecraft applications.

Presently, Rocketdyne division of Rockwell International is involved in the development

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI

(Civilian Space Technology Initiative) program. This program will be completed in January of

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100

radiator. However, this technology will be suitable for other radiator applications as well

including RFC power systems (using other working fluids such as water and/or ammonia). The

hope is that this program will develop generic technology which can be used for all future space

radiators because of its reduced mass compared to metal heat pipe radiators. Carbon-carbon is

a new structural material which requires different fabrication techniques than for metals or

composites. A key objective of this program is to demonstrate the ability to fabricate C-C heat

pipes with a thin metal liner, wicks, caps, and fill tube. The brazing technique required to

attach liners is the same as would be required to attach manifolds to the heat pipes. Heat pipes

filled with potassium will be designed, fabricated, and tested during this program. Thermal

cycle testing will be done in a vacuum to demonstrate the integrity of the heat pipes.

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as

part of the CSTI program. The next phase o! the program will involve fabrication and testing of

complete heat pipes about a meter long.

The working fluids and temperatures for the SP-100 system would be different than for

lower temperature RFC systems. Thus, Rocketdyne has an on-going IR&D effort which involves

development of a high pressure water C-C heal pipe for lower temperature applications such as
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RFCs. This effortwill eventuallyincludefabricationand lestingof a heatpipe. Rocketdyneis

alsolookingat a higherthermalconductivityC-C heatpipedesign.

RecentRocketdynestudieshaveshownthat a C-C heatpipe with wateror ammoniais

competitiveon a massbasiswithearlymetalheatpiperadiatortechnologydevelopedin the late

1960sand early "1970s as well as pumped loop radiators. Rocketdyne studies have estimated

the C-C radiator specific mass to be about 3 kg/m 2.

The objective of the joint NASA LeRC/Air Force program with PNL (Light Weight

Advanced Ceramic Fiber [ACF] Heat Pipe Radiators) is to demonstrate the feasibility of a low

mass ceramic fabric/metal liner heat pipe for a wide range of operating temperatures and

working fluids (Ref. B-15). Specifically, the NASA LeRC objectives are to develop this concept

for application to space radiators with operating temperatures below 500 °K using water as the

working fluid. The specific mass goal for these heat pipes is 3 kg/m 2 or less at a surface

emissivity of greater than 0.85.

Several heat pipes were built for the ACF program using titanium and copper foil

material for containment of the water working fluid. A heat pipe with an eight mil Ti liner was

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has

also been developed at PNL and used to draw 30 mil wall lubing to a 2 mil foil liner in one pass.

The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate

performance and reliability at demanding operating conditions.

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure

using very thin (0.025 to 0.05 mm) foil liners which are internally texturized by exposure to

high pressures (Ref. B-15). Plans wil'l also be developed to perform hyper-velocity and

ballistic velocity impact tests in order' to determine if secondary fragments from a penetrated

heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to

design a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of

low mass radiator panels.

The NASA LeRC in-house materials program includes radiator surface morphology
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alteration by arc texturing for emissivity enhancementpurposes (Ref. B-15). Emissivity

enhancementhasbeendemonstratedfor graphite-coppersamples.

Anotherimportantpart of the thermalmanagementsubsystemis the activecontrolsfor

controllingfluid flowratesand pressures. This involvesthe developmentof long life pumps,

valves,and regulators. HamiltonStandardhas used2.07x10"t N/m2 (3,000 psia) water pumps

for its U.S. Navy electrolysis units (made by J.C. Carter Company per Ref. B-5). These pumps

have lasted over 10,000 hours. Hamilton Standard also has used a small 0.91 m3/h (4 GPM)

pump for recirculating water to a fuel cell which lasted over 10,000 hours. Existing active

convective transport hardware (pumps, centrifugal water separators, fans) have also been

developed for space systems by GE and Hamilton Standard, but not for long life (Ref. B-l).

Experts in the field believe that these components will have lifetimes of less than 2,000 hours

in a space environment.

Water Management Subsystem State-of-the-Art

Water management involves both gas humidification to maintain proper cell membrane

moisture content as well as gas dehumidification to prevent water condensation and freezing.

Work has been done in both of these as areas, but not for space qualified hardware.

Gas humidification for production PEM fuel cells has been successfully done by Hamilton

Standard using the approach shown in Figure B-6. An improved approach which removes

oxygen from the product water was shown in Figure B-4. This approach was demonstrated in

the laboratory in 1989, outside of a fuel cell (Ref. B-5). This approach has not yet been

integrated into a PEM fuel cell design.

Water vapor can be removed from gases using condensation, absorption, adsorption, or a

combination of these techniques. Gas drying is a well-known technical process. General

Dynamics proposed (Ref. B-16) a system which utilizes condensation for removing 99.9% of

the moisture from oxygen and hydrogen gases. The removal of the remaining moisture was

assumed to be accomplished using absorption-adsorption techniques in existing ground
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liquefactionsystems. GeneralDynamicsadapteda systemdevelopedby AtlasCopcocalledMD

sorptiondrying for propellantprocessing. This processrecoversall of the water during the

electrolysisportion of the cycle. Howeverthis is a very complexsystemwith many moving

parts (pumps, valves, and rotor in sorptiondryer). In addition, this system increases the

radiatorsize by reducingthe heat rejectiontemperature.

Workwasdonewith regenerativegasdryersfor HamiltonStandardby the UTCResearch

Centerin 1987(Ref. B-5). Thesedryersuse a molecularsieve to removewater. In tests, a

humidifiedgas streamwas run througha dryerbed for 36 hourswithoutbreakthrough.A 10%

bedloading(amountof bed volume which was water) was achieved. An outlet dew point of less

than 183 °K was obtained with a 100 to 1 gas volume ratio. Such a dryer removes about 99.9%

of the water vapor from a gas. Based on this work, a 21 kg desiccant could be made regenerable

and deliver 2,939 kg of dry gas (about twice that required for a 12.5 kW lunar base system). A

much smaller unit would be required for a Mars system. Hamilton Standard has also looked at

methods to reduce dew point temperature down to liquid hydrogen temperatures.

Reactant Storage Tank State-of-th¢-Arl

Gas storage tanks have had considerable engineering advancement, both in earlier NASA

programs and throughout the commercial sector. Gas tanks have become safe, reliable

commodities, widely used in science and technology. Composite tanks with a metallic liner and a

polymer wrap are generally considered for advanced space applications.

Composite tanks have had considerable recent development for a wide range of sizes

(Ref. B-9). Structural Composite Industries (SCI) has built many tanks for both terrestrial

and space applications. These cylindrical tanks have either aluminum or stainless steel liners.

These liners are seamless and are made from plate stock without welding. SCI has developed

tanks for Space Station, Brilliant Pebbles, HEDI, propellant tanks for launch vehicles,

communications satellites, and Pegasus projects among others. Eleven of these tanks have been

launched into space. Tank sizes have ranged from 754 cm3 to 0.66 m3 (Space Station). A
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recenteffort involveda tankwhich is 4.06m longand hasa 0.53m outerdiameter. A current

effort involvesthedevelopmentof a 1.42m diametertank. Tankpressureshavegoneas highas

1.034x10e N/m2 (15,000 psia) for operation and 2.068x10e N/m2 (30,000psia) for burst.

Tanks for SDI missionsare designedfor 5 year life. Additional liner developmentmay be

requiredfor storageof wetoxygen.

PP&C Su128ystem State-of-the-Art

The PP&C system design is based on a reasonable electronics component evolution, and

there are no significant technology issues associated with its development. It will be necessary

to fabricate breadboard hardware for testing and evaluation purposes, but there is no need to

initiate any advanced component development. Most of the hardware elements have been or

shortly will be operating in a relevant environment on other spacecraft or the SSF electrical

power subsystem.

MAJOR DEVELOPMENT TASKS

The development program was divided into 9 major tasks. The first six tasks are

component development tasks. The remaining tasks involve the system design, fabrication,

integration, safety assurance, and testing.

Testing will be done on the component, subsystem (fuel cell stack, electrolysis cell

stack, thermal management, gas

testing). The system level tests

subsystems.

dryers, storage tanks), and system level (qualification

will show any possible negative interactions between

The RFC development tasks are described in the following sections. Each task will

include a section on objectives and a statement of work. The task descriptions are only

approximate and depend on the RFC design chosen.

A 3 kWe nominal power (peaking power of 10 to 15 kWe) module with an energy storage

capability of 32 kWh (net output) will be selected for the ground engineering system (GES) to
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take the RFC technology through Technology Maturity Level 6 (system validation model

demonstratedin a simulatedenvironment).Otherpowermodulesizesmaybe built andqualified

for flight systems.

Task 1. PEM Fuel Cell Module Development

Qbiectives: Develop a full scale, long life (10,000 hours continuous) flight weight fuel cell

module which can be integrated into a mobile RFC power system. Demonstrate materials

compatibility, safety, and performance margins.

Statement of WQrk: This effort was divided into the following subtasks:

Subtask 1.1 Preliminary Fuel Cell Module Development. Demonstrate the feasibility

of the selected fuel cell design for planetary surface applications. Investigate stack sealing

materials, plates, membranes, humidifier, and diluent control. Test a prototype fuel cell stack

to demonstrate materials compatibility, and safety.

Subtask 1.2 Final Fuel Cell Module Design. Design a full scale flight weight fuel cell

modules (one or more different sizes).

Subtask 1.3 Fuel Cell Module Fabrication. Assembly. and Testing. Build and test

(performance, mechanical, and thermal cycling) the fuel cell module. After initial breadboard

validation testing is complete, perform additional module testing in a relevant environment.

Task 2. PEM Electrolysis Cell Module Development

Ob!ectives: Develop a full scale, long life (10,000 hours continuous) flight weight electrolysis

module which can be integrated into a mobile RFC power system. Demonstrate materials

compatibility, safety, and performance margins.

Statement of Work: This effort was divided into the following subtasks:

Subtask 2.1 Preliminary Electrolysis Cell Module Development Design. Demonstrate

feasibility of the selected concept for space applications. Investigate options for the cell

membranes, pressure vessel, central fluid plate, and electrical connections. Demonstrate
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materialscompatibility,performance,and safetyusinga prototypecell stack.

Subtask 2.2 Final Electrolysis Module Design - Design a full scale flight weight

electrolysis cell module.

Subtask 2.3 Electrolysis Module Fabrication. Assembly. and Testina. Build and test

(performance, mechanical, and thermal cycling) the full scale electrolysis cell module. After

initial breadboard validation testing is complete, perform additional module testing in a

relevant environment.

Task 3. Thermal Management Subsystem Develo0menl

Obiectives: Develop and demonstrate a low mass, reliable heat pipe radiator. Develop and

demonstrate long-life (20,000 hours continuous) active thermal control components (pumps,

valves, regulators, etc.), as needed. Develop and demonstrate thermal control concepts for all

components in the RFC system.

Statement of Work: This effort was divided into the following subtasks:

Subtask 3.1 Heat Pioe Demon_tr_,ti0n. Fabricate and test representative length heat

pipes to fully characterize heat pipe performance. Compare test results with predicted

performance over the anticipated range of operating conditions including startup, shutdown, and

restart.

Perform limited life testing of the heat pipes. Identify deterioration mechanisms,

measure deterioration rates, and assess the adequacy of assembly and cleaning procedures.

Withdraw heat pipe samples sequentially throughout the test period. Drain, section, and analyze

the samples for corrosion, carbon diffusion, braze stability, and any other signs of

deterioration.

In conjunction with the heat pipe performance and life testing, develop and demonstrate

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly.

Assess the adequacy of liner bonding and weld joints. Determine if the correct fit-ups and

interfaces were obtained in the assembled piece.
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Subtask 3.2 Radiator Enhancement. Increase the applicability of the radiator concept

by performing various enhancement tasks. Examine survivability options and extended length

heat pipes.

Perform analytical assessment, testing, and enhancement design development to insure

long life for both lunar and Mars missions. Consider natural threats such as micrometeoroids

and dust erosion (Mars).

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes.

Subtask 3.3 Heat Pipe Integration and Testing. Develop and demonstrate techniques for

thermal and mechanical bonding of the heat pipe to the radiator manifold. Subsequently,

demonstrate heat pipe integration into a representative radiator section. Test the radiator

section to provide an accurate overall heat transfer coefficient. Verify radiator dynamics and

performance. Include a surrogate manifold section and a limited number of heat pipes in the

demonstrator. Test the assembled unit in a cold wall, vacuum chamber, simulated space

environment. Validate temperature drop predictions, verify manifold design, and assess

component interactions.

Subtask 3,4 Radiator Module Design. Assembly, Fabrication. and Testing. Develop the

detailed design of the radiator subsystem. Resolve specific design issues such as the effects of

differential thermal expansion, deployment features, monitoring instrumentation and control

equipment, local insulation, and trace heating of the manifold and piping.

Design, fabricate, and test a representative full scale heat pipe radiator and interface

heat exchanger. Complete performance, mechanical (stress, shock, and vibration), and thermal

cycling tests.

Subtask 3.5 Preliminary Active Component Develo.Dment. Perform preliminary

development of water circulation pumps and other active fluid components. Identify life

limiting components and failure mechanisms of current designs. Develop design approaches

with improved life capabilities. Design and build prototype components. Demonstrate materials
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compatibility, safety, and performance margins.

Subtask 3.6 Final Active Component Design. Design the full scale components and

develop the active control subsystem concept.

Subtask 3.7 Active Control Subsystem Fabrication. Assembly. and Testing. The final

components will be designed and integrated into a fluid subsystem test bed with simulated

thermal loads and pressure drops for other RFC components. Testing shall include performance,

shock, pressure, and safety tests. After initial breadboard validation testing is complete,

perform additional testing in a relevant environment.

Task 4. Water Management Subsystem Development

Ob!ectives: Develop reliable, long life (20,000 hours continuous) regenerative dryers

for removing water vapor from the electrolyzer product gases. Develop an approach for

recovering water from dryers. Develop a reactant gas humidification device for the fuel cell for

maintaining a proper membrane moisture content.

Statement gf Work: This effort was divided into the following subtasks:

Subtask 4.1 Gas Dryer Development. Develop regenerative gas dryers for use with

wet hydrogen and oxygen gas streams. Design the dryers to remove the majority of the water

vapor from the gas streams with reasonable size and mass hardware. Build prototype dryers.

Test the dryers in the adsorption and desorption modes. Determine materials compatibility,

regenerability, cyclic performance degradation, and efficiency.

Perform studies to determine the effect on system performance of any remaining

moisture after leaving the regenerative dryers. Design an approach for recovery of the

remaining moisture from the gas system. Develop additional components as necessary to handle

this remaining moisture.

additional hardware.

Subtask 4.2 Gas

humidifers which are integral

Demonstrate analytically and empirically the performance of this

Humidifer Development. Complete the development of reactant

to the fuel cell. This will include modification of existing
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humidifierconceptswhich currrentlywork external to the fuel cell. In addition, this task will

be done in parallel with fuel cell development to allow for proper integration with the fuel cell

stack design.

Task 5. Reactant Storage Tanks

_: Develop reactant tanks for storage of wet hydrogen gas, wet oxygen gas, and water.

Develop tank and tank feed line thermal management (insulation and/or heat recovery from fuel

cell stack) approaches to prevent composite tank failure, and prevent ice blockage of gas lines

and regulators.

Statement of Work: Design, fabricate, and test the reactanl slorage tanks. Develop corrosion

resistant liners and fabrication techniques for the oxygen and water tanks. Consider the

requirements for micrometeoride protection in the tankage design.

Develop insulated and/or heated tank concepts which prevent water condensation and

freezing in the gas storage tanks and exit lines. Demonstrate proper transient performance of

the tanks using analysis techniques. Build and test prototype tanks. Demonstrate materials

compatibility and safety. Perform proof testing, pressure cycling (at different temperatures),

thermal cycling (while under pressure), puncture resistance, and mechanical shock tests.

Measure tank permeability to estimate leakage losses, especially for hydrogen.

Task 6, PP&C Subsystem Development

._: Develop electronic devices for regulating output voltage and for controlling RFC

operation. Demonstrate adequate steady state and transient performance, and immunity to the

environment (including launch and operating). Demonstrate the software capability to handle

power system nominal operation and failure modes.

Statement of Work: This effort was divided into the following subtasks:
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Subtask 6.1 Electrical Components. Build breadboard units to demonstrate and check

functional performance of the individual component circuit designs. Incorporate any necessary

design modifications and improvements into brassboard units.

within the constraints of the actual component configuration.

perform a series of tests using simulated input and output loads.

the operating system software. Include the following testing:

• start up, steady state and transient control;

• failure simulation and detection and switching;

• effects of temperature extremes and thermal shock;

• effects of environment;

• shock and vibration;

Verify functional performance

Fabricate prototype units and

Test the controller to validate

• cold plate heat loads; and

• EMI generation and susceptibility.

Subtask 6.2 Software. Check out the controller software using simulated inputs and

outputs.

Task 7. Ground Engineering System (GES_ Testina

Ob!ectives: Design a system concept which will meet both lunar and Mars mobile power

applications. Show the concept feasibility. Verify adequate performance and life for an

integrated system.

_;tatement of Work:

Task 7.1

This effort was divided into the following subtasks:

GES Design. Identify and characterize specific power system applications.

Determine power system requirements. Define optimum power system module size based on

trade studies which minimize the overall life cycle cost of the power system for all applications

(trade between development cost and mass).

Identify concepts which can meet early lunar base applications. Power system

enhancements, if any, required for Mars applications will be identified. Perform tradeoff
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studies (performance,reliability, risk, safety, and life cycle cost) to select the optimum

system design. Complete feasibility studies for the selected concept including off-design and

transient analysis. Definitize the remaining hardware development tasks based on the system

concept chosen.

Design a complete RFC system to at least meet the minimum life requirement of 20,000

hours (10,000 hours for the fuel cell and electrolysis cell stacks). Integrate the entire

thermal and water control system including pumps, controls, lines, valves, heat exchangers,

tanks, and radiator. Perform both design point and transient analyses to verify the design.

Perform this task in parallel with the component development tasks to insure proper system

characteristics

3"ask 7.2 GES Performance Tests. Manufacture the GES components and assemble.

Pressure and leak check the assembly, fill the water storage tank, complete a electrical check-

out, and check out all active devices to the extent possible.

Design the test program for the GES to verify all performance characteristics of the unit

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical

capabilities while minimizing program cosl. Complete the following performance testing

activities:

checkout and refine subsystem assembly procedures;

verify operation of ground support equipment (GSE) and interfaces with the GES;

verify start up capability;

verify steady state performance characteristics;

establish effective operating range of lhe syslem;

check out software and verify autonomy (include all operational modes and
simulate failure modes);

simulate normal switchover from one module to another;

simulate failures to trigger module switchover; and
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• establishsystemsensitivityto off-normalconditionssuch as: (1) partial loss of
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of
electroniccooling,and (4) temporarylossesof heat sink withvaryingduration.

Task 7.3 GES Life Test. Refurbish the GES after completion of performance,

acceptance, and margin tests. Refurbishment will include the following:

• replacing or repairing components as necessary to ensure that the GES is
returned to its as-built condition;

• addition of special instrumentation required for the life test phase; and

• modification of the main radiator heat removal system or replacement of the
main radiator with a dump heat exchanger.

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to

monitor for degradation of major assemblies and individual components. Place the GES on a

20,000 hour life test (50% duty cycle for the fuel cell and electrolysis cell stacks). Operate

the GES at its nominal operating point, with expected GES variations in power output and

environment.

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be

examined by an analysis of the health monitoring data and from the reliability analysis

predictions.

Task 8. Qualification Program Testing

Ob!ectives: Fabricate the qualification units (QUs) Verify adequate performance and life for

the QUs.

Statement of WQrk: Develop a comprehensive performance and dynamic testing program which

will provide a formal demonstration that the RFC system will perform as designed after being

subjected to simulated launch conditions. Select launch environmental conditions which

envelope the probable intensities developed by various launch scenarios.

Begin the qualification effort (a typical approach is shown in Figure B-8) by qualifying

the assemblies. Fabricate and assemble the qualified production items into the QU. Qualify the

QU by the rules for space vehicle qualification.
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This effortwasdividedinto the followingsubtasks:

FormulateAssembly
andQualificationUnil
QualificationProgram

Establishlaunchand
stagingenvironments

![_1q Establishassemblyand
systemperlormance

| requirements

Design
Qualification

Unit

I Prepare/ t

_1_ identify
" I qualification

I test facilities

Prepare ___
qualification

software

Conduct

assembly
acceptance

tests

Subject
Qualification

Qualification acceptance
Unit and

qualification
test sequence

Prepare _ l

Ilight
software

Subjecteach _

assemblyIo Evaluatetest
qualificalion results
test sequence

Figure B-8. RFC power system qualification program.

_{ Perform

Qualification
Unit life

testing

Subtask 8.1 Qualification Performance Testing. Conduct performance testing at each

level Io verify that each item performs as designed. Perform dynamic testing to verify the

capability of the RFC system to withstand launch loads, including acoustic, pyroshock and

vibrational. A possible performance and dynamic qualification test sequence for components and

assemblies is shown in the matrix of Figure B-9. The corresponding qualification test sequence

for the QU is shown in Figure B-10.
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Subtask 8.2 Qualification Life Testina ('Optional). After completion of the

qualification performance testing, partially disassemble the QU and examine the unit.

Refurbish the QU as required and modify for endurance testing in air, as described for the GES.

Life lest the QU for 8,800 hours or more.

Component or
Subassembly

.

Fuel Cell Stack

Electrolysis Cell Stack

Reactant Storage

Thermal Management

Water Management

PMAD

Structure

X X X X X X X

X X X X X X X

X X X X X X X

X X X X X X X

X X X X X X X

X X X X X

X X X X X

X X X X X X X X X

X X X X X X X X X

X X X X X X X X

X X X X X X

X X X X X X X X

X X X X X X X

X X X X X X

Figure B-9. RFC power system assembly qualification test matrix.

FunctionalCheck Electromagnetic
Compatibility Test

Pressure Test

AcousticLoading
Test

,el---- FunctionalCheck PyroshockTest

FunctionalCheck Therma u ionaChOHTes
Figure B-10. RFC power system QU test sequence.
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Task 9. Flight Unit (FU) System Program

Ob!ectives: Fabricate the flight systems and acceptance test the FUs to demonstrate required

performance. Deliver the flight systems and provide integration support for the FU with the

payload and the launch vehicle.

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification

program for flight system acceptance testing. Finally, provide launch support activities to

insure that the RFC FU meets its design and performance goals associated with integrated payload

and launch systems.

The work is divided into the following subtasks:

Subtask 9.1 Flight Component FabricatiQn. Design, fabricate, inspect, and assemble

the components and subassemblies required for the FUs, including all spare parts as required to

support the flight system activities.

Subtask 9.2 FU Assembly. Test, _,nd Payload Integration. Assemble and inspect the

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU

integration with the payload, launch vehicle, and launch support facilities.

Subtask 9.3 FU Launch Support. Provide FU launch support activities to insure that

the FU meets its design and performance goals associated with the integrated payload and launch

systems.

DEVELOPMENT SCHEDULE

The program starts with a conceptual system design task followed by preliminary

system design. Development of the fuel cell stack, electrolysis cell stack, thermal management

subsystem, water control subsystem, storage tanks, and PP&C proceed concurrently with the

system design. The system design is subsequently completed by the middle of the fourth year.

Fabrication of components for the GES starts with procurement of long lead materials
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and equipmentin thefirst partof the thirdyear.This leadsto assemblyof the systemby theend

of the fourthyear.

The GES will be similar to a flight system but will have featuressuch as additional

instrumentationandreadilyremovablecomponentsto expeditegatheringof engineeringdataand

to permitmodificationof components. It will be testedin a vacuumchamberundernormaland

off-normaldesign conditions. After this phase of testing, it will be partially disassembled,

examined,refurbishedas necessary,and put on life test for 20,000hours (50%duty cycle).

The qualificationphase includesdesign, fabrication,assembly,and qualificationtesting

of individualcomponents,and a completesystem.The designeffort will be minimal since it

wouldinvolveonly minormodificationsto theGESdesign. Anoptionallife testing of the QUmay

bedone. ThismaybeunnecessaryafterthecomponentandGESlifetesting.

Theflightphaseof theprogramincludesfabrication,assembly,and acceptancetestingof

theflightunitsand theassociatedsafetyanalysisto obtainlaunchapproval.

Componentdevelopmentwas estimated to require 2-4 years of effort (Ref. B-14)

withoutany life testingdependingon the currenttechnologyreadinesslevels. Fiveyearswere

requiredto develop and qualify the non-regenerativeShuttlealkalinefuel cells. It is felt that

the required development effort for a PEM RFC will be longer due to the integration effort

involved, the considerable amount of life testing required both on the component/subsystem

level and system level, and the number of different applications (more than one module size may

be required). The estimated DDT&E and production schedule for the PEM fuel cell and RFC is

shown in Figure B-11. Development time was estimated to be 7 years.
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TASKS

COMPONENTPROGRAM-Tasks1-6

•FuelCellStack
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APPENDIX C- NaS BA'I-rERY TECHNOLOGY ROADMAP

INTRODUCTION

This is a family of power systems based on common technology for use with portable or

mobile power systems. Mobile battery power systems are either incorporated into vehicles or

are attached to vehicles as part of a separate power cart. These systems range in nominal power

level from 3 to 22 kWe. These vehicles include the payload unloader (3 kWe normal[n]/10

kWe peak [p]), pressurized manned rover (7 kWe onboard, 12 kWe with power cart), regolith

hauler (3 [n]/15 [p] kWe), and mining excavator (22 In]/40 [p] kWe). Mobile Mars power

systems will be similar to lunar systems except for the radiator size.

CONCEPT DESCRIPTION

A typical power system schematic is shown in Figure C-1. The overall power system

may be divided into the following subsystems for development purposes:

, • Batteries;

• Thermal Management; and

• Power Processing and Control (PP&C).

The energy to the user is supplied by the batteries. The batteries are recharged on the

next sun cycle by the base power system or by a Dynamic Isotope System (DIPS) power carl.

The flow of energy from the array and to and from the batteries is controlled by the PP&C

subsystem.

Since the batteries must operate at high temperature, thermal management is required

to maintain the proper cell temperature and reject waste heat. In addition, the batteries need to

be heated prior to startup. The electronic components in the PP&C also require cooling to

remove waste heat.

The battery subsystem includes the cells and related structure to tie the cells together.

The thermal management subsystem includes battery insulation, battery isolation

plates, battery radiator/interface heat exchanger, PP&C cold plates, and the PP&C radiator.
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Power conditioning is included to process power for charging the batteries (down

regulator)and processingoutput power(boost regulator). A shunt regulardissipatesexcess

power from the array.

The system evaluated in this article uses sodium sulfur (NaS) batteries, DC-DC

converters/regulators,and a heat pipe radiator. Each subsystemwill be describedin more

detail in the followingsections.

To PP&CRadiator

S "-L
Input Cold Plate r--

Power

for I I
Rechar_ Down

- I Regulator _', _>1--

Cold Plate

Boost IRegulator

_._m Y Battery

Thermal

Management
Subsystem

rl

User Loads

t-- "" or
Distribution

System

.. Regulated
" DC Bus

Figure C-1. Battery system schematic.

Battery Subsystem Description

Sodium sulfur batteries are high temperature (598 OK) secondary batteries which have

been under development for a number of years. Due to the high theoretical specific energy,

these batteries are being considered for electric vehicles, utility load leveling, satellite systems

(Ref. C-1), and planetary surface power systems (Refs. C-2 and C-3).

A fully charged sodium sulfur cell consists of elemental sulfur and sodium separated by a

beta alumina electrolyte as seen in Figure C-2. Beta alumina is a solid, ceramic electrolyte

separator which is conductive only to sodium ions. The molten sodium serves as the negative

electrode. During discharge, each sodium atom, entering into the discharge reaction, provides
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an electronto the external circuit and migratesthrough the electrolyte. The molten sulfur

servesas the positiveelectrode. Thesodiumionsreceivean electron,from the externalcircuit,

on the sulfur sideof the cell and combinewith the sulfur to formsodiumpentasulfide,Na2S5.

After all the free sulfur is combined,a secondconversiontakes place in which the Na2S5 is

convertedto sodiumtrisulfide,Na2S3. Theopencircuitvoltageof the cell duringthe first 59%

of discharge,which correspondsto the sodium pentasulfidereaction, is nominally2.08 volts

per cell. Duringthe sodiumtrisulfidepart of the discharge,the correspondingvoltage is 1.75

volts percell. Thus,the sodiumsulfurcell dischargevoltagehasa two levelcharacteristicwith

the stepchangeat about59percent. Experimentalinvestigationhasindicatedthatfor bestcycle

life, the depthof dischargeshouldbe limitedto 59 percent.

e-

q
Sodium 13or 13" Sulfur

Alumina

Figure C-2. NaS battery cell operation during discharge.

Load

A tubular type NaS cell is illustrated in Figure C-3. This concept is most suitable for

base load power systems (15 minutes to 12 hours of operation). These type of NaS cells have

been
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Figure C-3. Typical tubular NaS battery cell design.

undergoing evaluation testing by the Air Force for many years and have gone through several

design iterations. As shown in the figure, the liquid sodium is contained in a closed steel tube

with a metering orifice connecting to an annular chamber also containing sodium. The closed

beta alumina electrolyte encloses the sodium and separates it from the liquid sulfur cathode.

Liquid sulfur cathode material is held in a carbon felt matrix to provide electrical conductivity

C-4



SODIUMSULFURBATIERYTECHNOLOGYROADMAP

duringchargeanddischarge.Thesteeltubeiscoatedwitha metalchosenfor its resistanceto the

corrosivesodiumsulfides.

Thermal Management Subsystem Description

The thermal management subsystem provides temperature control, heat transport, and

heat rejection functions. Solid conduction paths and heat pipes provide the heat transport

function. A radiator is required to remove waste heat from the battery and from the PP&C

components.

An active thermal control system is required to maintain the battery at the proper

operating temperature. Three different techniques are possible for controlling battery

temperature (Ref. C-4): (1)louvers; (2)pumped loop radiator; and (3)heat pipe radiator.

The use of louvers allows the battery to radiate directly to space as needed to reduce its

temperature. Louvers offer the greatesl weight advantage (Ref. C-4). However, louvers

require the greatest mechanical complexity and potentially the lowest reliability. Louvers also

allow for a nonhomongeneous thermal distribution in the battery which may be detrimental.

Pumped loop (or tube-sheet) radiators offer the next best approach from a mass

standpoint if no redundancy is built into them. Pumped loop radiators have been used

successfully for the space shuttle and will be used for Space Station Freedom (SSF). This type

of radiator is best applied to missions with limiled duration or to systems which are

serviceable. Potential working fluids include water, potassium, NaK, and Dowtherm A. NaK is

the preferred working fluid for this application due to its low freezing point, low operating

pressure, and stability in a thermal environment. The use of NaK as a reactor primary coolant

indicate that it can be used with good reliability for prolonged periods of time. The development

of highly reliable, long life, low flow rate, low mass pumping systems to accomodate the use of

fluid loops in space would require considerable effort (Ref. C-4). Furthermore, the pump

represents the source of a single point failure mode, thus requiring duplication within the

system and thereby nullifying the slight mass advantage over heat pipes.

C-5



SODIUMSULFURBATTERYTECHNOLOGYROADMAP

Thermal homogeneitycould be accomplishedwith heat pipe systemsfor transportand

heat rejectiondue to their isothermalheat transportcharacteristics.Heat pipesalso offer the

advantageof improvedreliabilityand a gracefulfailuremode. A recentRocketdynestudyhas

shown that advancedcarbon-carbon(C-C) heat pipe radiatorscan be designed which are

competitivein mass to pumped loop radiators(estimatedspecific massof 3 kg/m2 for heat

pipes with water or ammonia). Thus, a heat pipe radiator was tentatively selected as the

baseline design.

The baseline heat rejection assemblies utilize lightweight, passive, reliable, heat pipe

radiators that are sufficiently versatile to allow integration into a variety of configurations.

The individual heat pipes operate independent from one another and thus the failure of a heat

pipe will not result in failure of the complete radiator. The rectangular radiator heat pipe

panel is attached to the battery assembly. Variable conductance heat pipes transfer heat to the

radiator. The heat pipe working fluid evaporates and travels to the top end of the heat pipes.

The evaporated fluid is then condensed in the cooler section of the heat pipe. A small wick or

grooves allow the liquid to return to the evaporator (unless the heat pipe is vertical and gravity

can be used for fluid return). A wick or groove is not absolutely necessary for vertically

oriented radiators (due to gravity return) but is recommended to insure good control of the

fluid transport. The heat pipes may be either carbon-carbon tubes with metal liners (titanium

or nickel based alloy for biphenyl) or metal heat pipes. Carbon-carbon heat pipes are a factor

of 2-3 times lower in mass than conventional all-metal heat pipes.

The problem with using a heat pipe for battery cooling is that no common heat pipe

working fluid is suitable for operation at about 600 °K (Ref. C-5). Only three of the common

heat pipe working fluids including water, cesium, and mercury show any promise for operation

at this temperature. However, these fluids have several disadvantages. Both mercury and

cesium are highly toxic and would have handling problems. Mercury has a poor contact angle

and does not wet the wick surface, which causes heat pipe priming problems. Mercury also has

a high density which results in a heavy heat pipe. Cesium has a very low vapor pressure which
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favors leakageinto the pipe. Leakageis a severeproblemsinceatmosphericwaterwill react

with the cesiumto form hydrogen. Waterdevelopsa high pressureat the requiredoperating

pressurewhichrequiresa heavierheatpipe and mayresultin potentialsafetyissues. A recent

study (Ref.C-5) found that biphenyl is a suitableheat pipe workingfluid for this application.

Biphenyl is compatible with likely materials of construction and its liquid transport factor is

suitable for use in a heat pipe. Also, its vapor pressure is in the desired range at the operating

temperature of the battery. Thermal studies have shown that biphenyl should be stable for

long-term operation at high temperature and non-condensable gas generation will not be a

problem. Thus, biphenyl was selected as the working fluid for the battery heat pipes.

PP&C Subsystem Description

The PP&C subsystem is a collective term for the power system control electronics. This

system includes items such as voltage regulators and battery charge controllers. Their function

is to control the flow of energy though the power system to the payload.

Boost Regulator Description. The boost regulator increases the voltage from the batteries up to

the nominal bus voltage. There are two basic types of boost regulators. The basic boost

regulator handles all of the processed power and the efficiency of the circuit applies to all the

power. This regulator places a "buck" inductor and switch in alternate positions such that the

opening switch allows the inductor to force the current it had before the switch opened into the

load impedence. The output voltage depends on the load impedence and currenh The basic

booster has a relatively low efficiency and may have loop stability problems.

The add-on booster only processes the boost voltage (usually only 10 volts). The boost

power (voltage added times output current) is parallel to the load at the input. Most of the

power is not processed and thus the overall efficiency is much higher than for the basic boost

regulator. A failure of the add-on booster results in a lower DC bus voltage, but the system is

still functional with degraded performance.
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The boost regulatorrequiresmonitoringequipmentto determineoperatingparameters

and heat sinkingto removewasteheat. EMI filters are requiredto preventinterferencefrom

the switching.

Down Regulator Description. The charging power system (especially in the case of a PV array)

will be designed to provide a higher voltage than the nominal battery voltage. The down or

"buck" regulator provides a constant output DC voltage for charging the battery subsystem from

the array. The regulator output voltage is always lower than the input voltage. The voltage

conversion is accomplished by switching the inpul on and off. The filter removes the AC

component produced by switching, but allows the DC voltage throught.

The down regulator is reliable and very efficient (85-90% for nearterm hardware).

The efficiency of the regulator depends on the internal operating frequency and the input-output

voltage difference. As the frequency goes up the size goes down and so does the efficiency. This

regulator does not isolate the input from the output loads. If the regulator is not properly used,

then it can cause radio interference since it uses switching to interrupt the current. Proper

EMI filters are required to eliminate this interference. Monitoring equipment is required to

determine the proper operating conditions. Heat sinking is required to remove waste heat.

TECHNOLOGY ISSUES

The key issues for development of a NaS battery subsystem are summarized in Table

C-1. The key issue with sodium sulfur balleries is achieving cycle life to permit operation as a

satellite battery. While the specific energy, of the sodium sulfur system, is much higher than

the current baseline nickel hydrogen batteries, the cycle life is much lower. Primary failure

mechanisms are related to corrosion of the seals and cell components by the chemically active

sulfides and the fragility of the beta alumina electrolyte. Design features have been developed to

mitigate the effect of these failure mechanisms so that a failure is not catastrophic. Cracking of

the electrolyte or loss of cell case integrity does however, result in loss of the cell however.
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Continuingcell developmentis aimed at resolving these issues.

TABLE C-1. NaS BATTERY SUBSYSTEM ISSUES, IMPACTS, AND DEVELOPMENT AREAS

issues

Cycle life

High ope rating
temperature

Safety (explosion, fire,
toxic fumes, formation
of sulfuric acid)

Impacts

• Increased life cycle cost

• Heavy heat
performance,

pipes, poor
toxic working

fluids (cesium or mercury) or
high pressure (water)

*Increased manufacturing cost

.. ii

Potential Development Areas

,Physical and chemical stability of
alpha alumina seal

,Physical and chemical stability of
electrolyte

,Sealing technology for tubesheet to
cell case

,Low mass C/C heat pipe radiator
Heat pipe working fluids
(biphenyl)

,Battery casing design

"I"ECI4',XDLOGYASSESSMENT

The technology bases were assessed for the following major battery subsystems:

• Batteries;

• Thermal management; and

• PP&C.

The technology readiness of each assembly was evaluated using the NASA technology readiness

levels. These evaluations are summarized in Table Co2 which shows that the power system has

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The

technology base for subsystems is discussed in the following sections.

TABLE C-2. NaS BATTERY TECHNOLOGY ASSESSMENT

Subsystem Technology Comments
Readiness

Level

NaS batteries 4 Breadboard cells tested by Air Force and prototype battery is
under development

Battery 3 Radiator component development"currently underway; biphenyl
thermal investigated as heat pipe fluid
management
PP&C 5 Similar components under development for Space Station

Freedom (SSF)
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_;vstem State-of-the-Art

The NaS battery system has a NASA Level of about 3.5. The concept of this type of a

system has been formulated but the details of the system have not been worked out. Specifically,

this includes the integration of the NaS battery storage into the system. Though NaS batteries

are a basic secondary type battery they require special thermal control to work. The batteries

require an operating temperature of 598 OK. The PP&C subsystem will have to work in

conjunction with thermal control system to maintain this temperature. In addition, to overcome

the fragility problems of NaS batteries, it has been proposed to launch the batteries in a frozen

state (<573 OK). Once on the planetary surface, the batteries will have to be brought up to

temperature through some type of external source. For a flight test experiment, the power

source will be the Shuttle payload power bus. Another issue is that prior to the time the NaS

batteries are brought on line the spacecraft will need power for basic operations such as ground

telemetry and array deployment. Some other source of energy, such as a primary battery, will

be necessary and will increase the complexity of the PP&C subsystem. In this system the

operational characteristics of the NaS battery are the key issues. Due to the low readiness level

of the NaS battery and the thermal management subsystem, the overall system readiness level is

relatively low compared to current battery systems.

Battery Subsystem State-of-the-Art

Development of sodium sulfur batteries was initiated in the 1960s for electric vehicle

applications (Ref. C-6). Since then, development has progressed to the point that prototypes and

breadboards are now being fabricated or are in test. Advancement of the technology has been

limited by the low level of funding and the concern over the safety and operating temperature of

the battery. Several manufacturers are engaged in ceramics development on the electrolytes

and, in the United States, Hughes and Eagle-Picher are actively engaged in the development of

space type batteries (Ref. C-7).

Eagle-Picher, in conjunction with Hughes Aircraft, had an Air Force contract

C-10



SODIUMSULFURBA'I-IERYTECHNOLOGYROADMAP

(administeredby WPAFB)which ran from 9/86 to 1/91 to developa NaS cell for Low Earth

Orbit(LEO). The majorgoalsof this programwerethe following:

• specific energy of 50 W-hr/Ib;

• 30,000 charge-dischargecycles;

• 2Cdischargerate;

• 5 year calendar life; and

• withstand LEO environment.

A Mars surface environment would be much more benign for a battery subsystem than a LEO

application due to a reduced charging rate, a reduced number of cycles (only 1825 for 5 years),

and a gravity environment (poor distribution of reactants in microgravity environment can

cause current blockage due to formation of a non-conductive layer). In addition, the battery can

be qualified using only ground testing.

For space applications, NASA Level 4 would apply. That is, breadboard cells have been in

test for some time by the Air Force and a prototype of a satellite battery is in development under

Air Force contract and is to be demonstrated in 1993 or 1994 (Ref. C-1). Further

development is required to accelerate the fabrication and testing of cells and batteries in order

to identify currently unknown problem areas. Specifically, testing will include space

environmental testing, materials compatibility testing, and cycle testing. Under current

funding levels, flight test of the battery is projected for the 1996 to 1997 timeframe.

Availability for space applications is projected for the year 2000.

Thermal Management Subsystem Stale-of-the-Art

NASA LeRC is currently carrying out an integrated multi-element project for the

development of space heat rejection subsystems with special emphasis on low mass radiators in

support of SEI power system technology (Ref. C-8). This effort involves both in-house and

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA
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LeRCis also involvedin a joint programwith DOEto demonstratea flexible fabric heatpipe

radiatorconceptbeingdevelopedby PacificNorthwestLaboratories(PNL). In-housework at

NASALeRCis designedto guideand supporttheoverallprogramby systemintegrationstudies,

heat pipe testing and analyticalcode development,radialor surfacemorphologyalterationfor

emissivityenhancement,andcompositematerialsresearchfocusedon the developmentof low

mass, high conductivity fins. This program is concentratingon technologiescapable of

developmentbeforethe endof the decadefor bothsurfacepowerand nuclearelectricpropulsion

(NEP) applications.

Specificobjectivesof the ARCcontractsare to achievespecificmassvalues<5 kg/m2

with radiator surface emissivities of 0.85 or higher at typical radiator operating

temperatures,and reliabilityvaluesof at least0.99 for the heat rejectionsubsystemovera ten

year life. These figures representa factor of two improvementover the currentlyconsidered

heat rejectionsubsystemfor SP-100,and even greater improvementfactors for state-of-the-

art heal rejectionsystemsusedin currentspacecraftapplications.

Presently,Rocketdynedivisionof RockwellInternationalis involvedin the development

of a carbon-carbon(C-C)or graphiteheatpiperadiatorpanel. Rocketdynehasa NASAcontract

entitled"SP-100AdvancedRadiatorConcepts"whichstarted in 1987and is part of the CSTI

(CivilianSpace TechnologyInitiative)program. This programwill be completedin Januaryof

1993. This programinvolvesdevelopmentof a C-C heat pipe suitablefor use in an SP-100

radiator. However, this technologywill be suitable for other radiator applicationsas well

includingbattery powersystems(usingother working fluids). The hope is that this program

will developgenerictechnologywhichcan be used for all futurespaceradiatorsbecauseof its

reduced mass comparedto metal heat pipe radiators. Carbon-carbonis a new structural

materialwhich requiresdifferentfabricationtechniquesthan for metalsor composites. A key

objectiveof this programis to demonstratethe ability to fabricateC-C heat pipeswith a thin

metal liner, wicks, caps, and fill tube. The brazingtechniquerequiredto attach liners is the

sameas wouldbe requiredto attachmanifoldsto the heatpipes. Heatpipesfilledwithpotassium
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will be designed,fabricated,andtestedduringthis program. Thermalcycle testingwill be done

in a vacuumto demonstratethe integrityof the heatpipes.

Beginningin 1989,smallsamplesof heatpipepanelswerefabricatedby Rocketdyneas

partof the CSTIprogram.The next phaseof the programwill involvefabricationand testingof

completeheat pipes several feet tong.

The working fluids and temperatures for the SP-100 system would be different than for

lower temperature battery systems. Thus, Rocketdyne has an on-going IR&D effort which

involves development of a C-C heat pipe for lower temperature applications. This effort will

eventually include fabrication and testing of a heat pipe. Rocketdyne is also looking at a higher

thermal conductivity C-C heat pipe design.

The objective of the joint NASA LeRC/Air Force program with PNL (Light Weight

Advanced Ceramic Fiber [ACF] Heat Pipe Radiators) is to demonstrate the feasibility of a low

mass ceramic fabric/metal liner heat pipe for a wide range of operating temperatures and

working fluids (Ref. C-8). Specifically, the NASA LeRC objectives are to develop this concept

for application to space radiators with operating temperatures below 500 °K using water as the

working fluid. The specific mass goal for these heat pipes is 3 kg/m 2 or less at a surface

emissivity of greater than 0.85.

Several heat pipes were built for the ACF program using titanium and copper foil

material for containment of the water working fluid. A heat pipe with an 0.2 mm Ti liner was

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has

also been developed at PNL and used to draw 0.76 mm wall tubing to a 0.05 mm foil liner in one

pass. The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate

performance and reliability at demanding operating conditions.

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure

using very thin (0.025 to 0.05 mm) foil liners which are internally texturized by exposure to

high pressures (Ref. C-8). Plans will also be developed to perform hyper-velocity and

ballistic velocity impact tests in order to determine if secondary fragments from a penetrated
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heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to

design a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of

low mass radiator panels.

The NASA LeRC in-house materials program includes radiator surface morphology

alteration by arc texturing for emissivity enhancement purposes (Ref. C-8). Emissivity

enhancement has been demonstrated for graphite-copper samples.

pP&C State-of-the-Art

Assigning a NASA Readiness Level to PP&C is difficult. There are many systems that

have flown which would make parts of the PP&C subsystem Level 9, but each PP&C system was

custom design for each spacecraft design. Only unlil recently has the array and battery PP&C

become standardized into packaged systems. In the Space Station Freedom program, standard

PP&C components are undergoing qualification. Recent military programs have ended with

qualified packaged PP&C component designs.

The PP&C system design is based on a reasonable electronics component evolution, and

there are no significant technology issues associated with its development. It will be necessary

to fabricate breadboard hardware for testing and evaluation purposes, but there is no need to

initiate any advanced component development. Most of the hardware elements have been or

shortly will be operating in a relevant environmenl on other spacecraft or the SSF electrical

power subsystem.

DEVELOPMENT PLANS

The development program was divided into six major tasks. The first three tasks are

component development tasks. The last three tasks includes the system design, fabrication,

integration, and testing for the Ground Engineering System (GES), Qualification Unit (QU), and

Flight Unit (FU).

Testing will be done on the component, subsystem, and system level (qualification
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testing). The system level tests will show any possible negative interactions between

subsystems.

The batterydevelopmenttasks aredescribedin the followingsections. Each task will

includea sectiononobjectivesandthestatementof work.

Task 1. Battery_ Subsystem Development

Ob!ectives: Develop a full scale flight weight battery module. Demonstrate materials

compatibility, safety and performance margins.

Statement of Work: This effort was divided into the following subtasks:

Subtask 1.1 Preliminary Battery Develooment. Demonstrate the feasibility of the

selected battery design for planetary surface applicalions. Test a prototype battery to

demonstrate materials compatibilily, safety, and componenl life.

Final Battery Module Design. Design a full scale flight weight batterySubtask 1.2

module.

Subtask 1.3 Battery Module Fabrication. Assembly. and Testing.

(performance, mechanical, and thermal cycling) the battery module.

validation testing is complete, perform additional module testing in a relevant environment.

Build and test

After initial breadboard

Task 2. Thermal Manaoement Subsystem Development

Obiectives: Develop and demonstrate a low mass, reliable heat pipe radiator which will operate

at about 600 °K. Develop and demonstrate components for thermally isolating the battery from

the rest of the system and the environment. Develop a thermal management approach for the

PP&C components.

Statement 9f WQrk: This effort was divided into the following subtasks:

Subtask 2.1 Heat Pipe Demonstration. Fabricate and test representative length heat

pipes to fully characterize heat pipe performance. Compare test results with predicted

performance over the anticipated range of operating conditions including startup, shutdown, and
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restart.

Perform limited life testing of the heat pipes. Identify deterioration mechanisms,

measuredeteriorationrates, and assessthe adequacyof assemblyand cleaningprocedures.

Withdrawheatpipe samplessequentiallythroughoutthe testperiod. Drain,section,and analyze

the samples for corrosion, carbon diffusion, braze stability, and any other signs of

deterioration.

In conjunctionwith the heatpipe performanceand life testing,developand demonstrate

techniquesfor nondestructiveexamination(NDE) of the heat pipe elementsand assembly.

Assessthe adequacyof liner bondingand weld joints. Determineif the correct fit-ups and

interfaces were obtained in the assembled piece.

Subtask 2.2 Radiator Enhancement. Increase the applicability of the radiator concept

by performing various enhancement tasks. Examine survivability options and extended length

heat pipes.

Perform analytical assessment, testing, and enhancement design development to insure

long life for Mars missions. Consider natural threats such as micrometeoroids and dust erosion.

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes.

Subtask 2.3 Heat Pioe Integration and Testing. Develop and demonstrate techniques for

attaching the heat pipes to the battery assembly. Subsequently, demonstrate heat pipe

integration into a representative radiator section. Test the radiator section to provide an

accurate overall heat transfer coefficient. Verify radiator dynamics and performance. Test the

assembled unit in a cold wall, vacuum chamber, simulated space environment. Validate

temperature drop predictions and assess component interactions.

Subtask 2.4 Thermal Management Subsystem Design. Assembly. Fabrication. and

I.e._. Develop the detailed design of the thermal management subsystem. Resolve specific

design issues such as the effects of differential thermal expansion, deployment features,

monitoring instrumentation and control equipment, local insulation, and trace heating of the
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battery for thawing.

Design,fabricate,and test a representativefull scale thermalmanagementsubsystem.

Completeperformance,mechanical(stress,shock,and vibration),and thermalcycling.

Task 3. PP&C Subsystem Development

Ob!ectives: Demonstrate adequate steady state and Iransient performance, and immunity to the

environment (including launch and operating). Demonstrate the software capability to handle

power system nominal operation and failure modes.

Statement of Work: This effort was divided into the following subtasks:

Subtask 3.1 Electrical Components. Build breadboard units to demonstrate and check

functional performance of the individual component circuit designs. Incorporate any necessary

design modifications and improvements into brassboard units.

within the constraints of the actual component configuration.

perform a series of tests using simulated input and output loads.

the operating system software. Include the following testing:

• start up, steady state and transient control;

• failure simulation and detection and switching;

• effects of temperature extremes and thermal shock;

• effects of environment;

• shock and vibration;

• cold plate heat loads; and

• EMI generation and susceptibility.

Subtask 3.2

outputs.

Verify functional performance

Fabricate prototype units and

Test the controller to validate

Software - Check out the controller software using simulated inputs and

Task 4. Ground Engineering System (GES) Testing

Ob!ectives: Design a system concept which will meet Mars power system applications. Show
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theconceptfeasibility. Verifyadequateperformanceand life for an integratedsystem.

Statement of Work: This effort was divided into the following subtasks:

Task 4.1 GES Design. Identify and characterize specific power system applications.

Determine power system requirements. Define optimum power system module size based on

trade studies which minimize the overall life cycle cost of the power system for all applications

(trade between development cost and mass).

Identify concepts and perform tradeoff studies (performance, reliability, risk, safety,

and life cycle cost) to select the optimum system design. Complete feasibility studies for the

selected concept. Definitize the remaining hardware development tasks based on the system

concept chosen.

Design a complete power system to at least meet the minimum life requirement (10

years for arrays and 5 years for batteries). Perform both design point and transient analyses

to verify the design. Perform this task in parallel with the component development tasks to

insure proper system characteristics

Task 4.2 GES Performance Tests. Manufacture the GES components and assemble.

Pressure and leak check the assembly, fill the batteries and heat pipes, complete a electrical

check-out, and check out all active devices to the extent possible.

Design the test program for the GES to verify all performance characteristics of the unit

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical

while minimizing program cost. Complete the following performance testingcapabilities

activities"

checkout and refine subsystem assembly procedures;

verify operation of ground support equipment (GSE) and interfaces with the GES;

verify start up capability;

verify steady state performance characteristics;

establish effective operating range of the system;
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• check out softwareand verify autonomy(include all operationalmodes and
simulatefailure modes);

• simulatenormalswitchoverfromone module to another;

• simulate failures to trigger module switchover; and

• establish system sensitivity to off-normal conditions such as: (1) partial loss of
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of
electronic cooling, and (4) temporary losses of heat sink with varying duration.

Task 4.3 (_ES Life Test. Refurbish the GES after completion of performance,

acceptance, and margin tests. Refurbishment will include the following:

• replacing or repairing components as necessary to ensure that the GES is
returned to its as-built condition;

• addition of special instrumentation required for the life test phase; and

• modification of the main radiator heat removal system or replacement of the
main radiator with a dump heat exchanger.

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to

monitor for degradation of major assemblies and individual components. Place the GES on a

multiyear life test in air. Operate lhe GES at its nominal operating point, with expected GES

variations in power output and environment.

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be

examined by an analysis of the health monitoring data and from the reliability analysis

predictions.

Task 5. Qualification Program Tesling

Objectives: Fabricate the qualification units (QUs). Verify adequate performance and life for

the QUs.

Statement of Work: Develop a comprehensive performance and dynamic testing program which

will provide a formal demonstration that the power system will perform as designed after being

subjected to simulated launch conditions. Select launch environmental conditions which

envelope the probable intensities developed by various launch scenarios.
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Begin the qualificationeffort (a typical approachis shownin FigureC-4) by qualifying

the assemblies.Fabricateandassemblethe qualifiedproductionitemsinto the QU. Qualifythe

QU by the rulesfor spacevehiclequalification.

Thiseffortwasdividedinto the followingsubtasks:

$ubtask 6.1 Qualification Performance Testine. Conduct performance testing at each

level to verify that each item performs as designed. Perform dynamic testing to verify the

capability of the power system to withstand launch loads, including acoustic, pyroshock and

vibrational. A possible performance and dynamic qualification test sequence for components and

assemblies is shown in the matrix of Figure C-5. The corresponding qualification test sequence

for the QU is shown in Figure C-6.

Subtask 6.2 Qualification Life Testine (Optiona!). After completion of the

qualification performance testing, partially disassemble the QU and examine the unit.

Refurbish the QU as required and modify for endurance testing in air, as described for the GES.

Life lest the QU.

Task 6 Flight Unit (FU) System Program

Ob!ectives: Fabricate the flight systems, develop a flight safety program, and acceptance test

the FUs to demonstrate required performance. Deliver the flight systems and provide

integration support for the FU with the payload and the launch vehicle.

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification

program for flight system acceptance testing. Finally, provide launch support activities to

insure that the FU meets its design and performance goals associated with integrated payload and

launch systems.

The work is divided into the following subtasks:

Subtask 6.1 Flight Component Fabricali0n. Design, fabricate, inspect, and assemble
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thecomponentsand subassembliesrequiredfor the FUs,includingall sparepartsas requiredto

supportthe flight systemactivities.

Subtask 6.2 FU Assembly, Test, and Payload Integration. Assemble and inspect the

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU

integration with the payload, launch vehicle, and launch support facilities.

Subtask 6.3 FU Launch SuDport. Provide FU launch support activities to insure that

the FU meets its design and performance goals associated with the integrated payload and launch

systems.

Establishlaunchand

stagingenvironments
FormulateAssembly

andQualificationUnit Design

QualificationProgram Qualification
Unit

Establishassemblyand
systemperformance

requirements

4

-t

Fabricate

qualification
hardware

Prepare/

identify
qualification
test facilities

Prepare
qualification

software

Conduct

assembly
acceptance

tests

Subject
Qualification

Qualification acceptance
Unit and

qualification

testsequence

Prepare _ l

flight
soflware

_ Subjecteach _

assemblyto Evaluatetest
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testsequence

Figure C-4. NaS battery power system qualification program.

Perform
Qualification

Unitlife

testing

C-21



Componentor
Subassembly

SODIUM SULFUR BATTERY TECHNOLOGY ROADMAP

Battery Module

Radiators

PP&C

Structure

X X X X X X X X X X X X X X

X X X X X X X X X X X X X

X X X X X X X X X X X X

X X X X X X XIX X X X

Figure C-5. NaS battery assembly qualification test matrix.

FunctionalCheck Electromagnetic
CompatibilityTest

PressureTest

AcousticLoading
Test 1_ FunctJonalCheck H PyroshockTest b

FunctionalCheck
ThermalBalance

Test
FunclionalChe_

Figure C-6. QU test sequence.
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DEVELOPMENTSCHEDULE

The programstarts with a conceptualdesign task followedby preliminarydesign and

concurrent component development or production of the battery, thermal management, and

PP&C. The detailed design is subsequently completed by the middle of the third year.

Fabrication of components for ground testing for the Ground Engineering System (GES)

starts with procurement of long lead materials and equipment in the first part of the fourth

year. This leads to assembly of the system by the end of the fifth year.

The GES will be similar to a flight system but will have features such as additional

instrumentation and readily removable components to expedite gathering of engineering data and

to permit modification of components. II will be tested in a vacuum chamber under normal and

off-normal design conditions. After this phase of testing, it will be partially disassembled,

examined, refurbished as necessary, and put on life test, nominally for 1 year.

The qualification phase includes design, fabrication, assembly, and qualification testing

of individual components, and a complete system. The design effort will be minimal since it

would involve only minor modifications to the GES design.

The flight phase of the program includes fabrication, assembly, and acceptance testing of

the flight units and the associated safety analysis to obtain launch approval.

The estimated development and production schedule for the power system is shown in

Figure C-7. A minimum development time is about 8 years.
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APPENDIXD

INTRODUCTION

This is a familyof fixedpowersystemsfor both lunar and Marsapplications. Mission

applications require power levels from 0.9 kWe to 25 kWe (up to 100 kWe for lunar

applications). Power system applicationsinclude communications(0.9 kWe), the excursion

vehicle servicer (10 kWe), emergencypower (12 kWe), and exploration site main power

(25kWefor habitatand associatedexternalequipment).Solarpoweredsystemssuchas these

will requireenergystoragefor operationat night.

CONCEPTDESCRIPTION

A typical powersystemschematicis shownin FigureD-I. The overall powersystem

maybedividedinto the followingsubsystemsfor developmentpurposes:

° Photovo/taic(PV) Array;

• Regenerative Fuel Cell (RFC);

• Radiator; and

• Power Processing and Control (PP&C).

The solar array converts sun light directly into DC electricity. The energy from the

array flows to the electrolysis cells to electrolyze water and to the user. When the system

enters a period of darkness, the energy to the user is supplied by the fuel cells. The electrolysis

process is repeated on the next sun cycle. The flow of energy from the array and to and from the

RFC is controlled by the PP&C subsystem.

The PV subsystem includes the array panels, support structure, and wiring harness.

For development purposes, specific subtasks will include cell development, array development,

deployment development, and integration/ system tesling. This power system concept utilizes

high efficiency multijunction tandem photovoltaic cells to minimize array area. A large array

area is required for Mars applications due to the low insolation rate (due to dust from local and
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globalduststorms). Sincethe PVsubsystemis the largestcomponentof systemmassfor Mars

systems,it is importantto minimizearrayarea and specificmass(kg/sqm).

- Solar Array Transmission Line (11=97%) I Voltage & Power T_.._"_ Pump
[ Regulator (T1=95%) ! User Power-

4
91.556) kWe 26.42 kWe kWe"

Reactant Storage Tanks Diode
iTrans- . Pump Power Trans-mission
mission (0.494) kWe* 2.03x10.7N/m 2 Line

_ Une 339 °K (2950 psia) H2 356 °K (_-99.5%)

(T1=99.5%) 2.07xl 0.7N/m 2 Gas Cooling Heat 6.9xl 0s N/m 2 ib27.03 kWe

(61.69) Electrol 13000 psia) - 1.43 kW* (100 psia) Fuel Cell
kWe Cell Module )7x10.7 N/m 2 Module

=77.92%)" (3000 psia) 02 (1"1=57.95%)*

H20

Pump
Water Heat Water

Rejection

Pump _ Reject Pump
Heat

Note: Necessary electrical and fluid controls, and redundant components not
shown. Typical operating conditions and performance shown. Powers in 0 are
for daytime operation. Heavy lines indicate fluid flow. Light lines indicate
electrical flow.
*Values are variable depending on application (i.e., efficiencies vary).

Figure D-1. 25 kWe PV/RFC power system schematic.

The RFC subsystem includes fuel cells, electrolysis cells, water thermal control

(humidifers, dehumidifiers, fluid controls), storage tanks (hydrogen, oxygen, water), thermal

control (radiator, thermal control loops), and support structure.

Power conditioning is included to process power for running the electrolysis unit and to

process the fuel cell output power. A shunt regular dissipates excess power from the array.

The current power system life goal is 15 years for SEI missions. A minimum life

requirement of 10 years was assumed for the PVA subsystem. This appears to be a reasonable
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goalbasedon thedemonstratedcell performanceand lowdegradationrate. A 20,000hr life (at

50%dutycycle)wasassumedfor the RFCsubsystem.The RFClife requirementappearsto bea

realistic, though challenging,goal based on previouslydemonstratedcell performanceand

allowing for partial redundancyin the design of critical components(i.e., valves, pumps).

Preliminarystudies have also shownthai 3 RFC units (exclusiveof the radiatorand tanks),

eachratedat 50%of thetotalpower,canprovideenoughredundancyto meeta 5 year lifewitha

50% duty cycle (Ref. D-l).

Photovoltaic Array Subsystem Description

The baseline PV cell is one being developed by Boeing Defense and Space Group in Seattle

(Refs D-2 through D-4). The multi-bandgap or tandem cell consists of a double-

heterostructure GaAs or AIGaAs thin film top cell and a polycrystalline CdZnS/CulnSe2

heterojunction thin film lower cell as seen in Figure D-2 (Ref. D-2). The leading technology

for thin film photovoltaic cells is CulnSe2 (CIS) (Ref. D-5). In the cascade structure shown,

short wavelength (high energy) photons are absorbed in a high bandgap material on top of the

solar cell. The high bandgap material is transparent to longer wavelength (low energy) photons

which pass through and are absorbed by a second layer consisting of a photovoltaic material with

low bandgap.

t_iili._'i!_i_!_!ijii!iiii!_i!!i__i'!'_!i!_L .: i?i¸_¸_i'i_i : i.. /

p.*

(+)

(+) I

_%%,%%%%%%%%,%%%%%%%%%%%%%
sssss$_sss_sssr$$$$ss$sss

J_sJ_sJ_Jsssss_Jtjssssslt

S'S-$'S-S-S#'S'S-s-S-#'S-S-#-S-S-s'$-S't',,'S

S_SSS_sSSSsIss_s_s_S_s

Coverglass (2 rail)

Top Adhesive (2 mil)

(-)
GaAs (or AIGaAs) Cell (~ 5 mil)

Bottom Adhesive (2 m_)

(-)

CdZnS/CulnSe 2 Cell (_ 6 p.m)

Glass Sul::)strate (2-1 8 mil)

Vertical dimensions not to scale

Figure D-2. Tandem cell schematic.
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Cascadescan be configuredas a monolithiccell in which the top cell is integrally

depositedon the bottomcell (orvice versa),or mechanicallystacked,in whichthe two sets of

cellsare formedseparately.A mechanicallystackedtandemconfigurationwaschosenby Boeing

in order to providewiring flexibilityand to minimizefabricationconstraints. Since both cells

are depositedas thin films,a very highspecificpoweris possible.

ThecurrentBoeingdesignis basedon a 2 cm x 4 cm cell area (Ref.D-2). The cell has

an improved two-terminal configuration with voltage-matched monolithic subcell units.

Voltage-matchingis achievedby stackingoneGaAsCLEFT(Cleavageof LateralEpitaxialFilmfor

Transfer)cell on top of four CulnSe2 subcells monolithically interconnected in series to form a

single cell unit.

An improved cell design could be achieved by using AIGaAs rather than GaAs as the top

cell. The bandgap of CulnSe 2 is better matched to the bandgap of AIGaAs than GaAs. A 26%

Beginning-of-Life (BOL) cell efficiency at AM0 is projected without structural change for this

advanced cell.

The upper thin film cell is fabricated by the CLEFT technique using MOCVD for cell

structure growth. The CIS cell fabrication includes sequential depositions of the Mo back

electrode, CIS absorber layer, and CdZnS window layer. This is followed by photolithographic

patterning and etching to form a solar cell device. Deposition of grid metal and addition of an

anti-reflection coating complete the cell fabrication process.

The individual PV panels are either small enough to be transported to Mars as designed

or are hinged for easy deployment. The panels lie horizontal and do not track the sun. Trade

studies done by Rocketdyne showed that there was no advantage to tracking arrays since much of

the cell input is from diffuse light.

Planar arrays can be subdivided into two broad categories: rigid and flexible (Ref. D-6).

Rigid arrays are PV arrays that are mechanically stiffened with a honeycomb structure, usually

made of aluminum, sandwiched between two facesheets thatprovide back side shielding for the PV

cells and provide enhanced mechanical support to the structure. Rigid arrays are used in high
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risk, unknownenvironments,where weight and cost are a secondaryconcern. Rigid arrays

providethe most mechanicalsupportand the most survivability. However,the rigid array is

notsuitablefor planetarysurfaceapplicationsdueto the masspenalty.

Flexiblearrays are typically a Kapton substrate/superstralewhich sandwich the PV

cells and electricalcircuitry, and are very attractive due to the significant mass savings over

rigid panel arrays. Within the flexible arrays, there are three types: the roll-out type, the

fold-out type, and the inflatable type. A flexible array is recommended for SEI surface power

applications.

The Advanced Photovoltaic Solar Array (APSA) is an example of future flexible fold-out

arrays (Ref. D-7). There are three elements to the APSA array: the flexible plastic and solar

cell blanket (contributes about 50% of the mass), the deployment mast and mast housing

(accounts for approximately 34% of the mass), and the blanket stowage compartment (16% of

the mass) (Ref. D-6). The APSA wing consists of a flatfold, multiple panel, flexible blanket on

which solar cell modules are installed and connected to printed circuit electrical harnesses that

run along the outside longitudinal edges of the blanket assembly. Any type of solar cell can be

utilized with the APSA approach. For launch, the accordion-folded blanket is stowed in a

graphite/epoxy blanket during launch. The blanket is deployed (unfolded) by extending a

motor-actuated, fiberglass, continuous Iongeron lattice mast that uncoils from an aluminum

cylindrical canister structure. APSA is designed for zero g operation. Additional support

structure would be required for planetary surface applications.

Inflatable arrays offer promise for missions which are driven by mass and/or the

radiation environment. Inflatable arrays require the use of thin film PV solar cells. For a

100 W array (EOL) the mass breakdown is as follows: inflatable torus contributes 0.793 kg,

the thin film solar array blanket 0.793 kg, and the support equipment 1.36 kg, resulting in a

small satellite array specific power of about 34 W/kg (Ref. D-6).

An array deployment mechanism is required for automatic or robotic deployment. Array

deployment alternatives include spring stored "one time deployment" and motor-driven
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deploymentsystems. The deployment mechanism is critical from a reliability standpoint and

may also contribute significantly to the system mass. The deployment mechanism for Mars

systems must also maintain array rigidity during wind storms and must be designed to prevent

resonating of the structural due to the natural frequency.

Some form of structure may be used to keep the arrays off the surface or to prevent the

arrays from being disturbed by Martian winds. This system would have increased mass over

one which is simply rolled out onto the planetary surface.

RFC Description

The RFC converts electrical energy into chemical energy and stores the energy for future

use. An RFC is an energy storage device similar to a secondary battery. The RFC can be divided

into six major subsystems for development purposes: (l)a fuel cell stack, which

electrochemically converts hydrogen and oxygen into electricity; (2)an electrolyzer cell stack,

which electrolyzes the fuel cell product water into gaseous hydrogen and oxygen reactants using

externally provided power; (3)water management which removes moisture from the

electrolysis cell product gases and humidifies fuel cell reactants to maintain proper cell

membrane moisture content; (4)thermal management, which removes waste heat from the

system, maintains the proper membrane temperature, and prevents boiling or freezing in

critical flow paths; and (5)reactant storage (hydrogen, oxygen, and water).

An RFC operates as a fuel cell during its discharge energy production phase and as an

electrolyzer during its charge phase. An external power source must be used to provide power

to the electrolyzer. The electrolyzer can produce high pressure oxygen and hydrogen gas for a

gaseous reactant storage of relatively low volume.

Two types of fuel and electrolysis cell technologies are available: alkaline and Proton

Exchanger Membrane (PEM). PEM fuel cells and electrolysis cells were selected for this study

since these technologies were shown to be the preferred RFC approach in a recent LANL study

done for NASA (Ref. D-8). PEM cells were recommended since they are the only technology
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which can meet the efficiency, life, cycle life, and turndown required for lunar and Mars

applications.In addition,PEMelectrolysiscells are superiorto alkalinecells in ruggednessand

reliability.Thebasicdesignandoperationof the PEMRFCsystemaredescribedin the following

paragraphs.

Fuel Cell Description. Fuel cells operate by separation of two electrocatalytic conversion

reactions with an ionic conductor, as seen in Figure D-3 (Ref. D-l). Charge moves through

electron conductors connecting the two electrocatalytic zones, where electron transfer results

in chemical reactions. Ionic transport through the separator completes the process.

The PEM fuel cell incorporates an ion exchange membrane, typically a

polyperfluorosulfonic (PFSA) acid sheet, as the ionic conductor. This component sustains

transport of hydrated hydrogen ions, protons (H+), associated with water. Protons are

generated at the porous anode electrocatalytic layer and transport through the ionic conductor to

the cathode electrocatalytic layer. At the cathode, protons react with oxygen to form water.

Product water exhausts from the cathode compartment.

Hydrogen and oxygen gases are stored at 2.07x10 "t N/m 2 (3,000 psia) (Ref. D-9) for

use in the fuel cell. The gases are regulated down to fuel cell operating conditions (4.14x10 _ to

6.9x105 N/m 2 or 60 to 100 psia). Oxygen is regulated to a few psi higher than hydrogen (for

safety reasons) to insure that only oxygen is entrained in the product water. The reactant gases

must be humidified prior to reacting in the stack. Humidification will be discussed in the water

management section.

The hydrogen and oxygen gases are combined in the fuel cell to generate electricity and

water. The product water is discharged into the cooling water loop. As the cooling water

accumulator approaches the filled condition, the product water drain valve opens to allow water

to flow to the storage subsystem.
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Figure D-3. Acid PEM electrochemical cell reactions.

The product water which leaves the fuel cell stack will be saturated with oxygen. This

oxygen must be removed prior to entering the water storage tank. An approach for doing this

has been demonstrated (external to the fuel cell) by Hamilton Standard, as seen in Figure D-4

(Ref. D-9). Water passes through an ion exchange membrane from the product water stream

to humidify the dry hydrogen gas. Hydrogen diffuses from the hydrogen stream through the

membrane to the water stream and combine with the oxygen to form water.

returned to the hydrogen stream using an electrochemical hydrogen pump.

water returns to the storage tank.

Excess hydrogen is

Thus, only gas free
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Figure D-4. Fuel cell product water deoxygenator.

The fuel cell design options have to do with the type of membrane. Table D-1 (Ref. D-9)

compares the fuel cell design options on a power density basis. The values in this table assume a

system with 25 kWe net output continuously, 55% fuel cell thermal efficiency (based on

1.48 VDC) for 20,000 hours, and a design that is thermal vacuum compatible.

TABLE D-1. FUEL CELL DESIGN OPTION POWER DENSITY COMPARISON

Fuel Cell Subsystem Description

"SOA Design" with Porous Hydrophillic
Phase Separators (Space Station
design)

Nation 120
Membrane

(current)
W/kg
103

Nation 125/117
Membrane

(advanced} .
W/kg

184

Dow

Membrane

(advanced)
W/kg
307
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Electrolyzer Cell Stack DescriPtion. The acid PEM electrolyzer has the same type of ion

exchange membrane as the PEM fuel cell to transfer H+ protons from the anode to cathode as was

shown on the left of Figure D-3. Liquid water is pumped from the water storage tank by the

water feed pump to the electrolyzer, as was seen in Figure D-I. The water feeds into the cell

stack on the anode side of each cell. Some water passes across the proton exchange membrane

(PEM) forming a second water loop. Excess anode water loop flow is used to remove waste heat

from the stack. Separators in the cell stack separate the hydrogen and oxygen gases from the

liquid water streams, as seen in Figure D-5 (Ref. D-9). The separated gases (saturated with

water vapor) are fed into regenerative dryers or are fed directly to the reactant storage tanks.

Various electrolyzer options were identified involving different cell spacings and

different membranes. The estimated power densities for each design is shown in Table D-2

(Ref. D-9). Table D-2 values assume a system with 70% electrolyzer thermal efficiency for

20,000 hours, 2.07x10 "t N/m 2 (3,000 psia) gas generation pressure, thermal vacuum

compatible design, and 13 kg per hour of water electrolyzed. Only the Nation 120 membrane

has been life tested at 2.07x10 "z N/m 2 (3,000 psia).

TABLE D-2. ELECTROLYZER DESIGN OPTION POWER DENSITY COMPARISON

Electrolyzer Subsystem Description

"SOA Design" with Static Separators
"Advanced Design" with Static
Separators

Nation 120 Nation 125/117
Membrane Membrane

(current) (advanced) .
W/kg W/kg
258 327
347 392

Bow

Membrane
(advanced)

W/kg

377
414

The state-of-the-art (SOA) electrolyzer design utilizes the cell design which is used for

U.S. and Royal Navy submarines. This cell design allows for 2.75 cells per cm (0.32 cm thick).

The U.S. Navy utilizes a 2.07x10 "t N/m 2 (3,000 psia) stack while the Royal Navy uses a

1.03x106 N/m 2 (150 psi) stack design.
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a)HYDROPHOBIC OXYGEN PHASE SEPARATOR

\ \

1-120tO
recirculation

O2/H20

HydrophobicOz/H20
from material

electrolysis
cell

02

Wet 0 2 to
storage

b)HYDROPHILIC/ELECTROCHEMICAL HYDROGEN PHASE SEPARATOR

H2/H=O from Hydrophillic Wet H2 to
Electrol_,sis Cell Coalescing material storage

_ scree

H20 H20
(H2 in s°luti°n)

/H2 + protonicallypumped I--120

Liquid H20
to anode loop

/
Membrane and electrode assembly ._

I Note: Dimensions not to scale. I

Figure D-5. Oxygen and hydrogen phase separators in electrolyzer stack.
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The "advanced"(Ref. D-9) electrolyzerdesignutilizeda cell designof 12 cells per cm

(0.083cm thick). This cell was incorporatedintoa 120 cell stack for testingby the U.S.Navy

asa lowmass oxygengeneratorprototype.Theadvancedcell stackwasdesignedfor a maximum

pressure of 2.76x106N/m2 (400 psi) without a housing. SOA cell stacks use a cell size of

about 214 cm 2 (16.5 cm circular cell). This appears to be the optimum efficiency cell size for

several 2.07x10 "t N/m 2 (3,000 psia) electrolyzer applications (Ref. D-10).

RFC Thermal Mana0ement Subsystem DescriDtion. The thermal management subsystem

provides temperature control, heat transport, and heat rejection functions. Pumped water and

coolant loops provide the heat transport function, as seen in Figure D-6. A radiator is required

to remove waste heat from the RFC system. There are inefficiencies in both the fuel cell stack

and electrolysis cell stack which create waste heat. Membrane temperature must be controlled

to prevent failures and meet life requirements. Water cools the stacks by collecting the waste

heal and then transports the heat to one or more heat exchangers (one for electrolyzer and one

for the fuel cell, or possibly a combined heat exchanger). These heat exchangers then transfer

heat to lhe radiator coolant loop. Waste heat from the fuel cell may also be utilized to keep the

electrolyzer from getting too cold.

The heal rejection assembly provides a means for rejection of waste heat to the

environment. Radiators for heat rejection are in some cases a major component of the power

system mass. Radiators can also be quite large due to the low operating temperature.

Various options are available for the radiator design. Pumped loop radiators have been

used successfully for the space shuttle and will be used for Space Station Freedom (SSF). This

type of radiator is best applied to missions with limited duration or to systems which are

serviceable. Pumped loop radiators are less massive than state-of-the-art heat pipe radiator

designs. Heat pipes offer the advantage of improved reliability and a graceful failure mode. A

recent Rocketdyne study has shown that advanced carbon-carbon (C-C) heat pipe radiators can
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bedesignedwhicharecompetitivein massto pumpedloopradiators.

wastentativelyselectedas thebaselinedesign.

gas/
coolant
heat

exchanger

DRYER REGENERATION FUNCTION

To oxygen dryer

Dry oxygen from tank

Dry hydrogen from tank

To hydrogen dryer

Water
Water from from

electrolysis fuel cell

l 1 l
water/coolant heat exchanger

TEMPERATURE CONTROL FUNCTION

Figure D-6. Thermal management subsystem.

Thus, a heat pipe radiator

Radiator

HEAT REJECTION

FUNCTION

The baseline heat rejection assemblies for RFCs utilize lightweight, passive, reliable,

heat pipe radiators that are sufficiently versatile to allow integration into a variety of

configurations. The individual heat pipes operate independent from one another and thus the

failure of a heat pipe will not result in failure of the complete radiator. The rectangular

radiator heat pipe panel is attached to the coolant manifold. The cooling loop transfers heat to

the heat pipes in the manifold heat exchanger. The heat pipe working fluid evaporates and

travels to the top end of the heat pipes. The evaporated fluid is then condensed in the cooler

section of the heat pipe. Both gravity and a small wick or grooves allow the liquid to return to

the evaporator. A wick or groove is not absolutely necessary for vertically oriented radiators
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(due to gravity return) but is recommended to insure good control of the fluid transport. The

heat pipes may be either carbon-carbon tubes with metal liners (Monel for water or aluminum

for ammonia working fluids) or metal heat pipes.

Condensation and freezing of the water in critical locations must be prevented by

maintaining fluid temperatures within limits. Thermal control of the lines and tanks may be

accomplished by insulation, trace heating, insulation and trace heating, or convective

heating/cooling using the radiator coolant. Composite tanks need to be kept above -65 °F to

prevent tank failure. The composite tank liner will begin to separate from the overwrap at this

temperature and buckling will occur. It may also be desirable to prevent the water vapor in the

gases from freezing in the tanks. Fluid lines may also require thermal control to prevent water

freezing and clogging of lines (especially in the pressure regulators).

RFC Water Management Subsystem Description. Water management includes moisture control

of the fuel cell membrane and the removal of moisture from electrolysis module product gases.

The moisture content of the fuel cell stack membranes must be carefully controlled to

prevent dehydration and reduced life. The reactant gases must be humidified to maintain the

proper membrane moisture content.

The traditional humidification approach for PEM fuel cells is shown in Figure D-7

(Ref. D-10)o The humidifier automatically presaturates the incoming hydrogen and oxygen

reactants to a dew point equal to the cell operating temperature. This latter approach was used

in the Hamilton Standard SPE fuel cell. The problem with this approach is that the product

water going to the storage tank is saturated with oxygen. If the oxygen is not removed from the

water, then the gas will accumulate in the water tank and have to be vented off (undesirable loss

of reactant).
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Humidified0 2 out

--- Coolant water inHumidified H2 out

End plate

Scavenger catalysts

Heat

conducting
screen

Membrane

separator

Figure D-7.

i H2 in
Coolant water out

02 in

SPE fuel cell reactant prehumidification approach.

Another gas humidification approach, which is more appropriate for space systems, was

shown in Figure D-4 (Ref. D-9). This approach also removes the oxygen gas from the product

water and there is no gas buildup in the tank. This concept converts the oxygen to water by

diffusion of hydrogen across the membrane. A hydrogen electrochemical pump keeps hydrogen

from evolving in the water. Excess hydrogen is pumped back to the hydrogen side of the device.

If regenerative gas dryers are used in the system, then the gas from the tanks will be

partially rehumidified during regeneration of the dryers as is seen in Figure D-8 (Ref. D-11;

only the oxygen humidification is shown). Heat must be added to the cool dry gases in order to

vaporize the water in the dryers. The purpose of this process is primarily to recover water
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fromthe gasdryers. Mostof the gashumidificationwill be doneusinga humidifiersuchas was

shownin FigureD-4.

Oxygen ..,,3 Coolant
tank exchanger

Oxygen I

heat qq
exchanger

Dry
Oxygen To

, Radi_ / heat

Fuel
Cell

._..__ - Water
recirculation

loop _ Oxygenand_I-.I Oxygen gas water

/ dryer vapor

Figure D-8. Water recovery from the oxygen regenerative dryer.

Several approaches have been suggested for recovering moisture from the electrolyzer

gases. The key concerns are preventing freezing of water in the lines and the mass loss from the

system if the water is not fully recovered each operating cycle. The LANL study (Ref. D-8)

proposes letting the water condense and freeze in the tank while keeping the feed lines heated.

Some of the water is removed from the tank as a liquid by using a trap. The remainder of the

water in the tank freezes. The residual water is recovered by heat input to the tank during the

day as additional warm gas from the electrolyzer is introduced.

Another water recovery approach suggested by Hamilton Standard (Ref. D-11) is to dry

the gases with regenerative desiccant dryers leaving only a trace of moisture in the gases. This

would significantly lower the dew point for the remaining gases to a temperature which is below

ambient or would not require much insulation or heat input to prevent condensation. A

sacrificial dryer might also remove the remaining trace water. Moisture would be removed

from the dryers during fuel cell operation by passing the dry gas from the tanks back through
J
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the dryers at the lower fuel cell pressure(need large driving force to recover the water).

Potentialdesiccantsincludesilica gel and molecularsieve (Ref. D-12). Silica gel is used at

lower temperatures(below363 °K) due to its high moisturerecyclingcapacitycomparedwith

other industrial desiccants (about 0.35 kg water/kg gel at 303 °K and 80% humidity per

Ref.D-13). Molecular sieve is used at higher temperatures (>393 °K) due to its high

moisture recycling capacity and physical stability at higher temperatures. Potential

configurationsfor desiccant dehumidifiers include a packed bed, Teflon fiber plates, a

corrugatedstructure,and coated parallel-passages. A coated parallel-passage concept appears

to have a great potential to provide an effective dehumidifier. This design consists of parallel-

walled passages (laminar flow channels) with fine silica gel particles (80-250 ram) glued to

the walls.

RFC Storage Tank Description. For this study, it was assumed that oxygen and hydrogen would

be stored at high pressure. The storage tanks will be made of composite materials. A metal

liner is overwrapped with carbon or graphite fibers. The liner will probably be aluminum for

the hydrogen tank and a corrosion resistant material such as Inconel, niobium, or tantalum for

the oxygen and water tanks.

Reliability and life are the key areas of interest for tank design. Thus, materials must

be selected which are stable against corrosion and hydrogen embrittlement for the system life.

Current composite tank designs may exhibit high stress when driven through large temperature

variations, so the liner materials must be carefully matched to the wrap material in terms of

the coefficient of thermal expansion. Otherwise, tanks must be lhermally controlled to limit

temperature changes (may be difficult when going from non-operating to operating status).

Tank linings must exhibit very limited corrosion even with pressurized oxygen storage and

perhaps even with wet gas storage. Tanks must be rugged enough to survive the transportation

phase of deployment. The use of multiple tanks may be required to meet system reliability
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requirements.Someelementarycladdingmay be requiredto providean elementof shielding

frommeteorites(the systemhousingmayalsobe usedfor this purpose).

PP&C Subsystem DescriDtion

The PP&C subsystem has not as yet been defined for this concept. Two basic approaches

can be taken. In the first approach, which is the same as for the DIPS, the system is designed to

provide a constant power and voltage output. This approach requires a dc voltage regulator to

process the fuel cell output. In the other approach, the power conditioning is done at the user

loads. In this second approach, the fuel cell output can vary with time (i.e., voltage is

unregulated). This approach allows the power processing to be optimized for each load. The

power input to the electrolyzer module can also be regulated within the RFC power system or as

part of the recharging power system.

TECHNOLOGY ISSUES

Key issues for the PV subsystem are summarized in Table D-3.

development of a PEM RFC and their impacts are summarized in Table D-4.

The key issues for
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TABLED-3.PVSUBSYSTEMISSUES,IMPACTS,ANDDEVELOPMENTAREAS

Issues

Large array area due
Io low Martian
insolation

Small cell size

Cell efficiency

Impacts

• Increased life cycle cost (LCC)
• Increased deployment time
• Increased number of cells wilh

reduced system efficiency and
reliability

• Increased number of cells with reduce(

system efficiency and reliability
•Increased array size and LCC

Cell cost -Increased LCC

Deployment system .Increased LCC
and support
structure weight

_Operating
temperature
fluctuation and
extremes
Martian wind

Dust accumulation

•Reduced cell life due to thermal
stress/increased LCC

Potential 'Development Areas

•Higher efficiency top cell
• Robotic or automatic

deployment system
•Thin film arrays
•Roll-out arrays
• Higher efficiency top cell
• Larger size cells
• Higher efficiency top cell

{AIGaAs)
• Low cost production

techniques
• Flexible roll-out array
• Robotic deployment

• Design and test
appropriate environment

•Test for thermal extremes

for

• Increased structure mass and LCC -Lightweight structure and
tie-downs

• Increased array area and Lcc .Robotic dust removal system
•Maintainence cost
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TABLED-4. PEM RFC DEVELOPMENT ISSUES

Issues I

Limited life components
and system reliability

Material compatibility

Cell temperature and
moisture control of fuel
cell membrane

Impacts

Increased frequency of
replacement, maintenance

,Mass and complexity of
redundant components

Reliability/life

Oxygen in fuel cell
water

Water in electrolyzer
gases

Large, massive radiator
due to low heat
rejection temperature

Reactant storage system
mass and volume

Efficiency of
electrolysis cel
reduced at higher
pressure
High Water Purity
Requirement

Life

,Mass/energy loss from the
system due to venting of oxygen
from water tank

•Tank corrosion if wet gas stored
(life and reliability)

•Tank insulation mass

•Complexity of gas dryer
systems

•Clogging of lines due to ice
•Energy and mass loss
• Increased transportation cost

complicated vehicle design

,Transportation cost

,Transportation cost
,Increased waste heal;

radiator
larger

,Performance
Life

Potential Development Areas

•Development of passive system
•Long life pumps, drives,valves,

and controls

•Materials for use with high

to H2

pressure 0 2
•Materials for wet gases
• Materials immune

embrittlement
•Thermal control loops
• Passive internal fuel cell gas

humidifiers

• Regenerative gas dryers
,Internal deoxygenator in fuel cell

,Low mass desiccating regenerative
dryers

,Tank liner materials
,Tank and/or line thermal control

,Higher temperature cells (higher
reject temperature)

,Low mass carbon-carbon radiator

.Heat pump
•Cryogenic or supercritical storage

•Low mass tanks, PV arrays, and
radiators

•Tank pressure following

that won't• Use materials
contaminate water

.Deionizer
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TEChnOLOGYASSESSMENT

ThetechnologybaseswereassessedforthefollowingmajorPV/RFCsubsystems:

• PV array;

• fuel cell stack;

• electrolysis cell stack;

• RFC thermal control subsystem;

• RFC water control subsystem;

• RFC reactant storage subsystem; and

• PP&C.

The technology readiness of each assembly was evaluated using the NASA technology readiness

levels. These evaluations are summarized in Table D-5 which shows that the RFC has

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The

technology base for the PV and RFC subsystems is discussed in the following sections.

TABLE D-5. PV/RFC TECHNOLOGY ASSESSMENT

Subsystem

GaAstCIS PV cells

Fuel cell stack

Electrolysis cell stack

RFC thermal management

RFC water management

RFC reactant storag_
tanks

Technology
Readiness

Level

5

3.5

4

3

3

5

Comments

Pilot development phase for cells; APSA program
Early design flown on Gemini; prototype developed
for space station RFC based on earlier Hamilton
Standard design; new International Fuel Cell design
not flown (engineering qualified in 2.5 years)
Large database for naval applications; prototype
developed for space station applications
Radiator component development currently
underway; long life active thermal control
components not developed for space applications;
some sealed water pumps and drives for terrestrial
applications have demonstrated long life
Silica gel dryers widely used for gas drying in
terrestrial applications; limited experience with
regenerative systems
Small tanks successfully flown; need corrosion
resistant liner development

PP&C 5 Similar components under development for Space
Shuttle Freedom
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PV Array State-of-the-Art

The current cell technology level is between 5 and 6 on the NASA scale. The Boeing cell

development is in the pilot line phase now (Ref. D-14). Production volume is expected by

1996. The GaAs top cell is currently made by Kopin company while the bottom CIS cell is made

by Boeing. An advanced cell design (AIGaAs/CIS) could be available before 2008. Cell testing

has progressed through the preliminary qualification stage. Testing has included thermal

cycling, UV illumination, off-angle, vacuum stability, and humidity tests. Small coupon panels

have been tested for mechanical shock, pyro shock, acoustics, vibration, and thermal cycling.

Current cell size is 2 x 4 cm (1991). Boeing is also working on a thin plastic substrate to

replace the current glass substrate.

Array development has been done for both rigid and flexible arrays. Various array

technologies are summarized in Table D-6 (Ref. D-6). The roll-out type array approach was

developed in the early 70°s at Wright-Patterson Air Force Base during the Flexible Roll-Up

Solar Array (FRUSA) program. The same basic tgechnology is used today for power generation

on the Hubble Telescope. Some of the arrays in the flexible fold-out category are the SAFE

array, MiI-Star, Space Station and the APSA array developed by TRW for JPL. The APSA array

is designed for GEO orbit. The APSA program has been ongoing for several years and has

significantly reduced the mass of arrays using a flexible array design. APSA has a goal of

demonstrating a producible array system having a specific power greater than 130 W/kg (BOL)

at 10 kW (BOL). A research and development array that should be seen as both "fold" and "roll"

out is the inflatable array. The inflatable array approach is funded by DARPA and is being

developed and build by L'Garde Inc. The DARPA program is called Inflatable Torus Solar Array

Technology (ITSAT) and is scheduled to conduct a space flight experiment in the 4th quarter of

1993. The inflatable array is considered a high risk - high payoff approach.
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Name

Rigid
Honeycomb
(Typical)
HUBBLE

Space
Station

APSA

ISUPER
(Planar)

AlIA

ESSA

TABLE D-6. DESCRIPTION OF VARIOUS ARRAY TECHNOLOGIES AND APPROXIMATE
PERFORMANCE FIGURES OF MERIT (IN EARTH ORBIT)

Description PVCELS Base Life
(BOL) Power (years)

(EOL
kWe)

Aluminum honeycomb

Roll-out flexible blanket

Flexible Kapton fold-out
blanket

Si: BSF 8
mil

Si: 2x4 cm 2

BSFR

Si: wrap
through
contacts
8x8 cm 2

3.4

4.4

75

2

4

Area
Density

(W/m 2)

128.3

117

90

Specific
Power

(W/kg)

32

19

66

Flexible Kapton fold-out Si: 2x4 cm 2 3.7 1 0 9 5 93
blanket BSF 13.8%
Flexible fold-out with GaAs/Ge 5.3 5 121.7 26.5
Beryllium 6x6 cm 2

18%

Ti honeycomb with 1.4 x GaAs/Ge 5 1 0 95.5 28.8
concentrating shutters 2 junction

24%
5 1 0 1 37 23.2GaAs/Ge

single
junction
18%

AI honeycomb with
protective shields

The current application cell design could utilize either an inflatable array, an APSA type

array (with additional support structure), or roll-out array.

RFC State-of-the-Art

Hamilton Standard designed, developed, tested, and delivered a 1.5 kW PEM breadboard

RFC system to Johnson Space Center (JSC) in January 1983 (Ref. D-11). The RFC breadboard

system was tested for 2,000 ninety minute orbital cycles (1,630 at JSC). The fuel cell module

of the RFC was later replaced by an advanced module and tested for about 500 hours. This

breadboard was not tested in a relevant environment (i.e., vacuum or low pressure carbon

dioxide, low gravity, day/night thermal cycles, etc.). In addition, the breadboard did not include
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,' key components such as composite lanks, radialors, and long life active Ihermal conlrol

components.

Although lhe fuel cell technology is fairly well developed in acid systems, the system

integration of the accessory components and cell slack is not as mature as that of the alkaline

fuel cells. The technology readiness of the PEM RFC power system is estimated to be 3.5 for the

current applicalion.

Fuel _Cell St_a!e-of-the-Art

A PEM fuel cell developed by Hamilton Standard (United Technologies) was used on the

Gemini missions from 1962-66 (Ref. D-15). After the Gemini space flights, Hamilton

Standard pursued further development of PEM fuel cell technology. The major breakthrough

was the replacement of polystyrene sulfonic acid ion exchange membrane by perfluodnated

sulfonic acid polymer, Nation, produced by DuPont, as the electrolyte. PEM fuel cell technology

has since advanced with the introduction of the Dow experimental membrane. The Dow

membrane has greatly increased the current density of PEM systems over the current densities

available from DuPont's former state-of-the-art membrane, Nation 117, Dow has not yet

started production of their membrane , but is supplying it to fuel cell manufacturers for testing

and evaluation.

Cell lives of 60,000 hours (6.85 years) in the laboratory have been achieved by

Hamilton Standard with PEM fuel cells (Refs. 10 and 11) because there are no corrosive

electrolytes to cause contamination. PEM fuel cells can operale with high concentrations of

gases like CO 2, whereas the KOH electrolyte of alkaline fuel cells would react with the CO t and

cause precipitation.

A PEM fuel cell subsystem was developed by Hamilton Standard in the 1980s for a RFC

demonstrator for the Space Slation Freedom (Ref. D-t). The fuel cell had a 1 to 2 kWe rating.

The RFC demonstrator underwent parametric lesling at the factory prior to its delivery to

NASNJSC.

D -24





PHOTOVOLTAIC/REGENERATIVE FUEL CELL POWER SYSTEM TECHNOLOGY ROADMAP

Treadwell Corporation has designed and built a PEM fuel cell stack and associated test

stand (Ref. D-16). The stack was designed for an output power of 10 - 30 kW. Various stacks

have been tested. This fuel cell system was designed for autonomous underwater vehicles.

Ballard Technologies Corporation in Canada has built small demonstrator stacks with the

Dow membrane and was the first to achieve high power densities in a solid polymer electrolyte

fuel cell (Ref. D-15). The Ballard design appears to be similar to the Hamilton Standard fuel

cell design.

Siemens in Germany (under a license from Hamilton Standard) is also using the PEM

technology to develop fuel cell systems for submarine power systems (Ref. D-15).

LANL has two of the Dow PEM fuel cells on test, achieving 0.92 V at 2,153 A/m 2 (Ref.

D-15). Dow has made a commitment to provide membranes to a product specification; whereas,

they were previously in process development and membrane quality/consistency were not up to

par for commercial use.

Acid (PEM) fuel cells are well suited to passive water removal. The absence of a liquid

electrolyte that has narrow concentration limits makes water management less of a problem.

Ergenics Power Systems, Inc., is developing a flight-qualified 200 W fuel cell with passive

water and heat removal for a Space Station extravehicular mobility unit (Ref. D-15).

International Fuel Cells (IFC) has tested a 16 cell, 5 kW stack using Nation membranes

and is now evaluating the Dow membranes. This is a new PEM design which is different from the

fuel cell which flew on Gemini. IFC also worked on a "static" PEM fuel cell (Ref. D-17). This

concept eliminated the power consuming pumps associated with the management of the product

water. The design also incorporated heat pipes into the system to create a "static" waste heat

management subsystem which eliminated the cooling subsystem parasitic power loss. This

approach offered significantly improved reliability and higher system efficiency. IFC completed

breadboard experiments and validated this system concept. IFC has since changed their design

(Ref. D-17). The latest design has no heat pipes and requires a cooling loop with a pump.

However, the water removal still utilizes a static approach. This concept is proprietary and
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fewdetailswereavailable from IFC. However, this concept uses graphite plates and either Dow

or Nation 117 membranes (Nation is the baseline). IFC has tested both single cells and short

stacks with its latest design. IFC has a DARPA contract to produce a 7.5 kWe fuel cell for

unmanned underwater applications. This power plant will be available (engineering qualified)

in 2.5 years. The life of this fuel cell is expected to be a few thousand hours.

cell technology should be suitable for space since it is not affected by

environment.

The DARPA fuel

a zero gravity

Electrolysis Cell Stack State-of-the-Art

Hamilton Standard has an extensive data base in high-pressure electrolysis. The

2.07x10 "t N/m 2 (3,000 psi) cell design is currently used in the oxygen generation plant (OGP)

developed for the U.S. Navy and in the production units for the British Navy nuclear

submarines. Hamilton Standard has over 20 years experience building PEM electrolyzers for

the Navy (Ref. D-15). They have demonstrated 13 years of continuous usage of a PEM

electrolyzer cell in the laboratory. U.K. Navy electrolyzer cells have accumulated a total of

69,000 system hours of usage as of 1/92 without any failures. One Navy electrolyzer cell

stack has accumulated over 13,000 hours of usage at sea over a 5 year period (Ref. D-11).

During the 1980s, three demonstrators were developed by Hamilton Standard (Ref. D-

1). These electrolyzers were fabricated and then tested by NASA. Each of these systems made

use of the identical 213 cm 2 SPE water electrolyzer design used for naval applications.

The first of these systems was a PEM RFC demonstrator for Space Station Freedom. Over

2,000 simulated orbital cycles were accumulated on this hardware. This program demonstrated

a closed system fluid cycle balance, direct solar array/electrolyzer voltage/current control

compatibility (no power conditioning required), and an energy storage efficiency of 48% with

the electrolyzer at ambient temperature. Later in the program the PEM fuel cell was replaced

by an alkaline fuel cell and the system was operated for 100 cycles with no problems. This test

showed the compatibility between a PEM electrolyzer and an alkaline fuel cell (i.e., no KOH ions
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went to the PEM electrolyzer through the product water and no sulfonic acid groups passed

through the PEM electrolyzer gases to the fuel cell; some people had thought that the acid and

base in each unit would mix and neutralize each other). Recently, some of the electrolyzer cells

were replaced by high performance cells using the Dow membrane. The electrolyzer module

underwent additional testing and showed significant performance improvement, especially at

higher current densities.

The second Hamilton Standard demonstrator was an oxygen generator assembly developed

under contract to Boeing Aerospace and Electronics Company (Ref. D-l). The operating

pressure, temperature and current density of this demonstrator are within the experience of

naval applications. However this demonstrator differed from the Navy data base because of the

need to operate in a microgravity environment and use processed hygiene water as the feedstock.

Two membrane static phase separators are used to replace the pressure vessel phase separators

used previously. The demonstrator was activated at NASA/MSFC in November 1990 and

operated for 529 hours which exceeded the test objective of 450 hours. This program

successfully demonstrated the operation of microgravity phase separators. There are

continuing tests of this unit to improve the cell voltage performance.

The third Hamilton Standard demonstrator system was developed to show the feasibility

of producing 2.07x10 "t N/m 2 (3,000 psi) hydrogen and oxygen on orbit for periodic rocket

motor firing to mainlain Space Station Freedom orbilal altitude (Ref. D-l). Under NASA

sponsorship, initial work was performed to convert the heavy 2.07x10 "t N/m 2 (3,000 psi)

naval SPE electrolyzer design into a space flight configuration (Ref. D-10). This required

development of a lighter and smaller package. Changes were made to the supporting pressure

vessel and fluid manifold. The use of two torispherical domes opposed on either side of a central

fluid plate allowed for a wall thickness of as low as 0.64 cm when using Inconel or other high

strength materials. The fluid plate manifold is pressure balanced between the two pneumatic

domes which eliminates the need for a thick plate to resist the gas pressure load, as used in the

Navy hardware. This work produced a prototype cell stack for space applications that weighs
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less than 91 kg total (down from 454 kg for the 100-cell naval cell stack and pressure vessel).

This unit was delivered in 1990. This demonstrator has been set up and operated intermittently

at NASA/JSC during the last year. This cell was recently tested by JSC for 500 hours (Ref. D-

1). This unit operates at 322 °K at a thermal efficiency greater than 70% (defined as the ratio

of the power input minus the heat rejected to the power input).

RF:C Thermal Management Subsystem State-of-the-Art

NASA LeRC is currently carrying out an integrated multi-element project for the

development of space heat rejection subsystems with special emphasis on low mass radiators in

support of SEI power system technology (Ref. D-19). This effort involves bo!h in-house and

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA

LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe

radiator concept being developed by Pacific Northwest Laboratories (PNL). In-house work at

NASA LeRC is designed to guide and support the overall program by system integration studies,

heat pipe testing and analytical code development, radiator surface morphology alteration for

emissivity enhancement, and composite materials research focused on the development of low

mass, high conductivity fins. This program is concentrating on technologies capable of

development before the end of the decade for both surface power and nuclear electric propulsion

(NEP) applications.

Specific objectives of the ARC contracts are to achieve specific mass values <5 kg/m 2

with radiator surface emissivities of 0.85 or higher at typical radiator operating

temperatures, and reliability values of at least 0.99 for the heat rejection subsystem over a ten

year life. These figures represent a factor of two improvement over the currently considered

heat rejection subsystem for SP-100, and even greater improvement factors for state-of-the-

art heat rejection systems used in current spacecraft applications.
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Presently,Rocketdynedivisionof RockwellInternationalis involvedin the development

of a carbon-carbon(C-C)or graphiteheatpiperadiatorpanel. Rocketdynehasa NASAcontract

entitled"SP-100AdvancedRadiatorConcepts"which startedin 1987and is part of the CSTI

(CivilianSpaceTechnologyInitiative)program. This programwill be completedin Januaryof

1993. This programinvolvesdevelopmentof a C-C heatpipe suitablefor use in an SP-IO0

radiator. However, this technologywill be suitable for other radiator applicationsas well

includingRFCpowersystems(usingotherworkingfluids suchas waterand/orammonia). The

hopeis that this programwill developgenerictechnologywhichcan be usedfor all futurespace

radiatorsbecauseof its reducedmasscomparedto metalheatpiperadiators. Carbon-carbonis

a new structuralmaterial which requiresdifferent fabrication techniquesthan for metals or

composites.A key objectiveof this programis to demonstratethe ability to fabricateC-C heat

pipes with a thin metal liner, wicks,caps, and fill tube. The brazing techniquerequired to

attachliners is the sameas wouldbe requiredto attachmanifoldsto the heal pipes. Heatpipes

filled with potassiumwill be designed,fabricated,and tested during this program. Thermal

cycletestingwill be donein a vacuumto demonstratethe integrityof the heatpipes.

Beginningin 1989,smallsamplesof heatpipepanelswerefabricatedby Rocketdyneas

part of the CSTIprogram.The nextphaseof the programwill involvefabricationand testingof

completeheatpipesabouta meterlong.

The workingfluids and temperaturesfor the SP-100systemwouldbe differentthan for

lowertemperatureRFCsystems.Thus, Rocketdynehasan on-goingIR&Deffortwhich involves

developmentof a highpressurewaterC-C heatpipefor lowertemperatureapplicationssuchas

RFCs. This effortwill eventuallyincludefabricationand testingof a heatpipe. Rocketdyneis

also lookingat a higherthermalconductivityC-C heatpipedesign.

RecentRocketdynestudieshaveshownthat a C-C heal pipewith wateror ammoniais

competitiveon a massbasiswithearly metalheatpiperadiatortechnologydevelopedin the late

1960sand early 1970sas well as pumpedloop radiators. Rocketdynestudieshaveestimated

the C-C radiatorspecificmassto beabout3 kg/m2.
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The objective of the joint NASA LeRC/AirForce program with PNL (Light Weight

AdvancedCeramicFiber [ACF]Heat Pipe Radiators)is to demonstratethe feasibilityof a low

mass ceramic fabric/metalliner heat pipe for a wide range of operating temperaturesand
a

working fluids (Ref. D-19). Specifically, the NASA LeRC objectives are to develop this concept

for application to space radiators with operating temperatures below 500 °K using water as the

working fluid. The specific mass goal for these heat pipes is 3 kg/m 2 or less at a surface

emissivity of greater than 0.85.

Several heat pipes were built for the ACF program using titanium and copper foil

material for containment of the water working fluid. A heat pipe with a 0.2 mm Ti liner was

demonstrated in early January 1991. An innovative "Uniskan Roller Extrusion" process has

also been developed at PNL and used to draw 0.76 mm wall tubing to a 0.2 mm foil liner in one

pass. The water heat pipes fabricated for LeRC have been subjected to a test program to evaluate

performance and reliability at demanding operating conditions.

Future thrusts of the ACF program will be to perfect the heat pipe fabrication procedure

using very thin (0.025 to 0.05 ram) foi_ _iners which are internally texturized by exposure to

high pressures (Ref. D-19). Plans will also be developed to perform hyper-velocity and

ballistic velocity impact tests in order to determine if secondary fragments from a penetrated

heat pipe will result in failures of neighboring heat pipes. Another major challenge will be to

design a heat pipe with high conductivity, low mass fins as a first step toward the fabrication of

low mass radiator panels.

The NASA LeRC in-house materials program includes radiator surface morphology

alteration by arc texturing for emissivity enhancement purposes (Ref. D-19). Emissivity

enhancement has been demonstrated for graphite-copper samples.

Another important part of the thermal management subsystem is the active controls for

controlling fluid flowrates and pressures. This involves the development of long life pumps,

valves, and regulators. Hamilton Standard has used 2.07x10 "t N/m 2 (3,000 psi) water pumps

for its U.S. Navy electrolysis units (made by J.C. Carter Company per Ref. D-11). These

D-30



PHOTOVOLTAIC/REGENERATIVEFUELCELLPOWERSYSTEMTECHNOLOGYROADMAP

pumpshave lastedover 10,000hours. HamiltonStandardalso has useda small 0.91m$/h(4

GPM)pump for recirculatingwater to a fuel cell which lasted over 10,000 hours. Existing

active convectivetransport hardware (pumps,centrifugalwater separators,fans) have also

beendevelopedfor spacesystemsby GEandHamiltonStandard,but not for longlife (Ref.D-8).

Expertsin the field believethat these components will have lifetimes of less than 2,000 hours

in a space environment.

RFC Water Management Subsystem State-of-the-Art

Water management involves both gas humidification to maintain proper cell membrane

moisture content as well as gas dehumidification to prevent water condensation and freezing.

Work has been done in both of these as areas, but not for space qualified hardware.

Gas humidification for production PEM fuel cells has been successfully done by Hamilton

Standard using the approach shown in Figure D-6. An improved approach which removes

oxygen from the product water was shown in Figure D-4. This approach was demonstrated in

the laboratory in 1989, outside of a fuel cell (Ref. D-11). This approach has not yet been

integrated into a PEM fuel cell design.

Water vapor can be removed from gases using condensation, absorption, adsorption, or a

combination of these techniques. Gas drying is a well-known technical process. General

Dynamics proposed (Ref. D-20) a system which utilizes condensation for removing 99.9% of

the moisture from oxygen and hydrogen gases. The removal of the remaining moisture was

assumed to be accomplished using absorption-adsorption techniques in existing ground

liquefaction systems. General Dynamics adapted a system developed by Atlas Copco called MD

sorption drying for propellant processing. This process recovers all of the water during the

electrolysis portion of the cycle. However this is a very complex system with many moving

parts (pumps, valves, and rotor in sorplion dryer). In addition, this system increases the

radiator size by reducing the heat rejection temperature.
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Workwasdonewith regenerativegasdryersfor HamiltonStandardby the UTCResearch

Centerin 1987(Ref. D-11). Thesedryersusea molecularsieve to removewater. In tests,a

humidifiedgas streamwas run througha dryerbed for 36 hourswithoutbreakthrough.A 10%

bedloading(amountof bedvolumewhichwaswater)wasachieved.An outletdew pointof less

thanminus183°K was obtained with a 100 to 1 gas volume ratio. Such a dryer removes about

99.9% of the water vapor from a gas. Based on this work, a 21 kg desiccant could be made

regenerable and deliver 2,939 kg of dry gas (about twice that required for a 12.5 kW lunar

base system). A much smaller unit would be required for a Mars system. Hamilton Standard

has also looked at methods to reduce dew point temperature down to liquid hydrogen

temperatures.

RFC Reactant Storag(t Tank State-of-the-Art

Gas storage tanks have had considerable engineering advancement, both in earlier NASA

programs and throughout the commercial sector. Gas tanks have become safe, reliable

commodities, widely used in science and technology. Composite tanks with a metallic liner and a

polymer wrap are generally considered for advanced space applications.

Composite tanks have had considerable recent development for a wide range of sizes (Ref.

D-21). Structural Composite Industries (SCI) has built many tanks for both terrestrial and

space applications. These cylindrical tanks have either aluminum or stainless steel liners.

These liners are seamless and are made from plate stock without welding. SCI has developed

tanks for Space Station, Brilliant Pebbles, HEDI, propellant tanks for launch vehicles,

communications satellites, and Pegasus projects among others. Eleven of these tanks have been

launched into space. Tank sizes have ranged from 754 cm _ to 0.66 m:3 (Space Station). A

recent effort involved a tank which is 4.06 m long and has a 0.53 m outer diameter. A current

effort involves the development of a 1.42 m diameter tank. Tank pressures have gone as high as

1.034x108 N/m 2 (15,000 psia) for operation and 2.068X108 N/m 2 (30,000 psia) for burst.
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Tanks for SDI missionsare designedfor 5 year life. Additionalliner developmentmay be

requiredfor storageof wetoxygen.

PP&C Subsystem State-of-the-Art

The PP&C system design is based on a reasonable electronics component evolution, and

there are no significant technology issues associated with its development. It will be necessary

to fabricate breadboard hardwai'e for testing and evaluation purposes, but there is no need to

initiate any advanced component development. Most of the hardware elements have been or

shortly will be operating in a relevant environment on other spacecraft or the SSF electrical

power subsystem.

DEVELOPMENT PLANS

The development program was divided into eleven major tasks. The first eight tasks are

component development tasks. The last three tasks includes the system design, fabrication,

integration, and testing for the Ground Engineering System (GES), Qualification Unit (QU), and

Flight System (FS).

Testing will be done on the component, subsystem, and system level (qualification

testing). The system level tests will show any possible negative interactions between

subsystems. Additional testing will be done on the lunar surface.

The PV/RFC development tasks are described in the following sections. Each task will

include a section on objectives and the statement of work. The task descriptions are only

approximate and depend on the PV/RFC design chosen.

Task 1. PV Array Development

Objectives: Complete development of high efficiency tandem cell, a low mass flexible array, and

an automatic or robotic deployment approach.

Statement of Work: The following subtasks are identified:
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Task 1-1 Subscale PV Array Development - Complete development of GaAs/CIS or

advanced (AIGaAs/CIS) tandem cell. Develop larger cell size. Test subscale PV panels to verify

performance under appropriate environmental conditions (thermal cycling, vibration tests,

strength and stiffness, radiation, etc.). Develop array structure and deployment concept.

Task 1-2 Full Scale PV Array Development - Develop and test full scale PV arrays.

Verify adequate performance.

Task 2. PEM Fuel Cell Module Development

Objectives: Develop a full scale flight weight fuel cell module which can be integrated into a

mobile RFC power system. Demonstrate materials compatibility, safety, and performance.

Statement of Work: This effort was divided into the following subtasks:

Subtask 2.1 Preliminary Fuel Cell Module Development - Demonstrate the feasibility

of the selected fuel cell design for planetary surface applications. Investigate stack sealing

materials, plates, membranes, humidifier, and diluent control. Test a prototype fuel cell stack

to demonstrate performance, materials compatibility, and safety.

Subtask 2.2 Final Fuel Cell Module Design - Design a full scale flight weight fuel cell

modules (one or more different sizes).

Subtask 2.3 Fuel Cell Module Fabrication. Assembly. and Testina - Build and test

(performance, mechanical, and thermal cycling) the fuel cell module. After initial breadboard

validation testing is complete, perform additional module testing in a relevant environment.

Task 3. PEM Electrolysis Cell Module Development

Ob!ectives: Develop a full scale flight weight electrolysis module which can be integrated into a

mobile RFC power system. Demonstrate materials compatibility, safety, and performance.

Statement of Work: This effort was divided into the following subtasks:

Subtask 3.1 Preliminary_ Electrolysis Cell Module Development Design - Demonstrate

feasibility of the selected concept for space applications. Investigate options for the cell
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membranes,pressure vessel, central fluid plate, and electrical connections. Demonstrate

materialscompatibility,performance,and safetyusinga prototypecell stack.

Subtask 3.2 Final Electrolysis Module Design - Design a full scale flight weight

electrolysis cell module.

Subtask 3.3 Electrolysis Module Fabrication, Assembly. and Testing-Build and test

(performance, mechanical, and thermal cycling) the full scale electrolysis cell module. After

initial breadboard validation testing is complete, perform additional module testing in a

relevant environment.

Task 4. Thermal Manaeement Subsystem Develo.Dment

Ob!ectives: Develop and demonstrate a low mass, reliable heat pipe radiator. Develop and

demonstrate long-life active thermal control components (pumps, valves, regulators, etc.), as

needed. Develop and demonstrate thermal control concepts for all components in the RFC

This effort was divided into the following subtasks:

system.

Statement of Work:

Subtask 4.1 Heat Pioe Demon_Iration - Fabricate and test representative length heat

pipes to fully characterize heat pipe performance. Compare test results with predicted

performance over the anticipated range of operating conditions including startup, shutdown, and

restart.

Perform limited life testing of the heat pipes. Identify deterioration mechanisms,

measure deterioration rates, and assess the adequacy of assembly and cleaning procedures.

Withdraw heat pipe samples sequentially throughout the test period. Drain, section, and analyze

the samples for corrosion, carbon diffusion, braze stability, and any other signs of

deterioration.

In conjunction with the heat pipe performance and life testing, develop and demonstrate

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly.
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Assess the adequacyof liner bondingand weld joints. Determineif the correct fit-ups and

interfaceswereobtainedin theassembledpiece.

8ubtask 4.2 Radiator Enhancement - Increase the applicability of the radiator concept

by performing various enhancement tasks. Examine survivability options and extended length

heat pipes.

Perform analytical assessment, testing, and enhancement design development to insure

long life for both lunar and Mars missions. Consider natural threats such as micrometeoroids

and dust erosion (Mars).

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes.

Subtask 4.3 Heat Pioe Integration and Testing - Develop and demonstrate techniques

for thermal and mechanical bonding of the heat pipe to the radiator manifold. Subsequently,

demonstrate heat pipe integration into a representative radiator section. Test the radiator

section to provide an accurate overall heat transfer coefficient. Verify radiator dynamics and

performance. Include a surrogate manifold section and a limited number of heat pipes in the

demonstrator. Test the assembled unit in a cold wall, vacuum chamber, simulated space

environment. Validate temperature drop predictions, verify manifold design, and assess

component interactions.

Subtask 4.4 Radiator Module Design. Assembly. Fabrication. and Testine - Develop the

detailed design of the radiator subsystem. Resolve specific design issues such as the effects of

differential thermal expansion, deployment features, monitoring instrumentation and control

equipment, local insulation, and trace heating of the manifold and piping.

Design, fabricate, and test a representative full scale heat pipe radiator and interface

heat exchanger. Complete performance, mechanical (stress, shock, and vibration), and thermal

cycling tests.
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Subtask 4.5 Preliminary Active Component Development- Perform preliminary

development of water circulation pumps and other active fluid components. Identify life

limiting components and failure mechanisms of current designs. Develop design approaches

with improved life capabilities. Design and build prototype components. Demonstrate materials

compatibility, safety, and performance margins.

Subtask 4.6 Final Active Component Design - Design the full scale components and

develop the active control subsystem concept.

Subtask 4.7 Active Control Subsystem Fabrication. Assembly. and Testina - The final

components will be designed and integrated into a fluid subsystem test bed with simulated

thermal loads and pressure drops for other RFC components. Testing shall include performance,

shock, pressure, and safety tests. After initial breadboard validation testing is complete,

perform additional testing in a relevant environment.

Task 5. Water Management Subsystem Development

Ob!ectives: Develop regenerative dryers for removing water vapor from the

electrolyzer product gases. Develop an approach for recovering water from dryers. Develop a

reactant gas humidification device for the fuel cell for maintaining a proper membrane

moisture content.

Statement of Work: This effort was divided into the following subtasks:

Subtask 5.1 Gas Dryer Development - Develop regenerative gas dryers for use with

wet hydrogen and oxygen gas streams. Design the dryers to remove the majority of the water

vapor from the gas streams with reasonable size and mass hardware. Build prototype dryers.

Test the dryers in the adsorption and desorption modes. Determine materials compatibility,

regenerability, cyclic performance degradation, and efficiency.

Perform studies to determine the effect on system performance of any remaining

moisture after leaving the regenerative dryers. Design an approach for recovery of the

remaining moisture from the gas system. Develop additional components as necessary to handle
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this remaining moisture. Demonstrateanalyticallyand empirically the performanceof this

additionalhardware.

Subtask 5.2 Gas Humidifer DeveloPment - Complete the development of reactant

humidifers which are integral to the fuel cell. This will include modification of existing

humidifier concepts which currrently work external to the fuel cell. In addition, this task will

be done in parallel with fuel cell development to allow for proper integration with the fuel cell

stack design.

Task 6. Reactant Storage Tanks

Ob!ectives: Develop reactant tanks for storage of wet hydrogen gas, wet oxygen gas, and water.

Develop tank and tank feed line thermal management (insulation and/or heat recovery from fuel

cell stack) approaches to prevent composite tank failure, and prevent ice blockage of gas lines

and regulators.

Statement of Work: Design, fabricate, and test the reactant storage tanks. Develop corrosion

resistant liners and fabrication techniques for the oxygen and water tanks. Consider the

requirements for micrometeoride protection in the tankage design.

Develop insulated and/or heated tank concepts which prevent water condensation and

freezing in the gas storage tanks and exit lines. Demonstrate proper transient performance of

the tanks using analysis techniques. Build and test prototype tanks. Demonstrate materials

compatibility and safety. Perform proof testing, thermal cycling (while under pressure),

puncture resistance, and mechanical shock tests. Measure tank permeability to estimate leakage

losses, especially for hydrogen.

Task 7. PP&C Subsystem Development

Objectives: Develop electronic components for controlling system operation, maintaining

constant output voltage, and for eliminating excess solar energy. Demonstrate adequate steady

state and transient performance, and immunity to the environment (including launch and
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operating). Demonstratethe softwarecapabilityto handlepowersystemnominaloperationand

failuremodes.

Statement of Work: This effort was divided into the following subtasks:

Subtask 7.1 Electrical Com0onents - Build breadboard units to demonstrate and check

functional performance of the individual component circuit designs. Incorporate any necessary

design modifications and improvements into brassboard units.

within the constraints of the actual component configuration.

perform a series of tests using simulated input and output loads.

the operating system software. Include the following testing:

• start up, steady state and transient control;

• failure simulation and delection and switching;

• effects of temperature extremes and thermal shock;

• effects of environment;

• shock and vibration;

• cold plate heat loads; and

• EMI generation and susceptibility.

Subtask 7,2

outputs.

Verify functional performance

Fabricate prototype units and

Test the controller to validate

Software - Check out the controller software using simulated inputs and

Task 8. Ground Engineering System (GES_ Testing

Ob!ectives: Design a system concept which will meet both lunar and Mars mobile power

applications. Show the concept feasibility. Verify adequate performance and life for an

integrated system.

Statement of Work:

Task 8.1

applications.

This effort was divided into the following subtasks:

GES Desien Identify and characterize specific power system

Determine power system requirements. Define optimum power system module
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sizebasedon tradestudieswhich minimize the overall life cycle cost of the power system for all

applications (trade between development cost and mass).

Identify concepts which can meet early lunar base applications. Power system

enhancements, if any, required for Mars applications will be identified. Perform tradeoff

studies (performance, reliability, risk, safety, and life cycle cost) to select the optimum

system design. Complete feasibility studies for the selected concept including off-design and

transient analysis. Definitize the remaining hardware development tasks based on the system

concept chosen.

Design a complete power system to at least meet the minimum life requirement (10

years for the arrays and 20,000 hrs for the RFC with a 50% duty cycle for electrolysis and

fuel cell stacks). Integrate the entire RFC thermal and water control system including pumps,

controls, lines, valves, heat exchangers, tanks, and radiator. Perform both design point and

transient analyses to verify the design. Perform this task in parallel with the component

development tasks to insure proper system characteristics

Task 8.2 GES Performance Tests - Manufacture the GES components and assemble.

Pressure and leak check the assembly, fill the water storage tank, complete a electrical check-

out, and check out all active devices to the extent possible.

Design the test program for the GES to verify all performance characteristics of the unit

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical

capabilities while minimizing program cost. Complete the following performance testing

activities:

checkout and refine subsystem assembly procedures;

verify operation of ground support equipment (GSE) and interfaces with the GES;

verify start up capability;

verify steady state performance characteristics;

establish effective operating range of the system;

D-40



PHOTOVOLTAIC/REGENERATIVEFUELCELLPOWERSYSTEMTECHNOLOGYROADMAP

• check out software and verify autonomy(include all operational modes and
simulatefailure modes);

• simulatenormalswitchoverfromone moduleto another;

• simulatefailuresto triggermoduleswitchover;and

• establishsystemsensitivityto off-normalconditionssuch as: (1) partial loss of
radiator cooling, (2) varying radiator heat removalprofile, (3) partial loss of
electroniccooling,and (4) temporarylossesof heat sinkwith varyingduration.

Task 8.3 GES Life Test - Refurbish the GES after completion of performance,

acceptance, and margin tests. Refurbishment will include the following:

• replacing or repairing components as necessary to ensure that the GES is
returned to its as-built condition;

• addition of special instrumentation required for the life test phase; and

• modification of the main radiator heat removal system or replacement of the
main radiator with a dump heat exchanger.

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to

monitor for degradation of major assemblies and individual components. Place the GES on a

multiyear life test. Operate the GES at its nominal operating point, with expected GES

variations in power output and environment.

Disassemble the GES for diagnosis at the end of the life test. Determine areas to be

examined by an analysis of the health monitoring data and from the reliability analysis

predictions.

Task 9. Qualification Program Testing

Ob!ectives: Fabricate the qualification units (QUs) Verify adequate performance and life for

the QUs.

Statement of Work: Develop a comprehensive performance and dynamic testing program which

will provide a formal demonstration that the power system will perform as designed after being

subjected to simulated launch conditions. Select launch environmental conditions which

envelope the probable intensities developed by various launch scenarios.
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Beginthe qualificationeffort (a typicalapproachis shownin FigureD-9) by qualifying

the assemblies.Fabricateand assemblethequalifiedproductionitemsinto the QU. Qualifythe

QUby the rulesfor spacevehiclequalification.

FormulateAssembly
andQualificationUnit
QualificationProgram

._ Establishlaunchandstagingenvironments

"_ LI Establishassemblyand
systemperformance

/ requirements

Design
Qualification

Urul

Fabricate
qualification

hardware

Prepare/ t

identify
qualification
lestfacilities

Prepare
qualification

software

Conduct

assembly
acceptance

tests

Assemble t_

Qualification
Unit

Prepare t
flight

software

_ Subjecteach 1_

assemblyto
qualification
testsequence

Subject
Qualification

Unit to

acceptance
and

qualification
test sequence

T
Evaluatetest

results

Figure D-9. PV/RFC power system qualification program.

Perform

Qualification
Unitlife

lesting

This effort was divided into the following subtasks:

Subtask 9.1 Qualification Performance Testina - Conduct performance testing at each

level to verify that each item performs as designed. Perform dynamic testing to verify the

capability of the RFC system to withstand launch loads, including acoustic, pyroshock and
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vibrational. A possible performance and dynamic qualification test sequence for components and

assemblies is shown in the matrix of Figure D-10. The corresponding qualification test

sequence for the QU is shown in Figure D-11.

Component or
Subassembly

Fuel Cell Stack X X X X X

Electrolysis CelI Stack X X X X X

Reactant Storage X X X X X X X

Thermal Control X X X X X

Radiator andManifold X X X X X

PMAD X X X X X

Structure X X X X X

PVArray X X X X X
i

X X X X X X X X X

X X X X X X X X X

X X X X X X X X

X X X X X X

X X X X X X X X

X X X X X X X

X X X X X X

X X X X X X X

Figure D-10. PV/RFC power system assembly qualification test matrix.
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FunctionalCheck
J_ Electromagnetic

CompatibilityTest

PressureTest

AcousticLoading
Test

FunctionalCheck
H PyroshockTest

FunctionalCheck
ThermalBalance

Test
FunctionalCheck

]_ Thermal-Vacuum

Test

Figure D-11. PV/RFC power system QU test sequence.
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Subtask 9.2 Qualification Life Testing (ODtional) After completion of the

qualification performance testing, partially disassemble the QU and examine the unit.

Refurbish the QU as required and modify for endurance testing in air, as described for the GES.

Life test the QU for 20,000 hours or more.

Task 10. Flioht Unit (FU) System Program

_).1_: Fabricate the flight systems and acceptance test the FUs to demonstrate required

performance. Deliver the flight systems and provide integration support for the FU with the

payload and the launch vehicle.

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification

program for flight system acceptance testing. Perform safety studies and complete safety

reports necessary to obtain launch approval. Finally, provide launch support activities to

insure that the FU meets its design and performance goals associated with integrated payload and

launch systems.
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Thework is dividedinto the followingsubtasks:

Subtask 9.1 Flight Component Fabrication. - Design, fabricate, inspect, and assemble

the components and subassemblies required for the FUs, including all spare parts as required to

support the flight system activities.

Subtask 9.2 FU Assembly. Test. and Payload Integration - Assemble and inspect the

FUs. Acceptance test the FUs and ship to the launch site. Provide technical support for FU

integration with the payload, launch vehicle, and launch support facilities.

Subtask 9.3 FU Launch Support - Provide FU launch support activities to insure that

the FU meets its design and performance goals associated with the integrated payload and launch

systems.

DEVELOPMENT SCHEDULE

The program starts with a conceptual design task followed by preliminary design and

concurrent component development of the PV array, RFC (fuel cell stack, electrolysis cell

stack, active controls, gas dryers, and tanks), radiator, and PMAD. The detailed design is

subsequently completed by the middle of the fourth year.

Fabrication of components for ground testing for the Ground Engineering System (GES)

starts with procurement of long lead materials and equipment in the first part of the third year.

This leads to assembly of the system by the end of the fourth year.

The GES will be similar to a flight system but will have features such as additional

instrumentation and readily removable components to expedite gathering of engineering data and

to permit modification of components. It will be tested in a vacuum chamber under normal and

off-normal design conditions. After this phase of testing, it will be partially disassembled,

examined, refurbished as necessary, and put on life test for 20,000 hours (50% duly cycle for

the fuel cell and electrolysis cell stacks).
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The qualificationphaseincludesdesign,fabrication,assembly,and qualificationtesting

of individualcomponents,and a completesystem.The designeffort will be minimal since it

wouldinvolveonly minormodificationsto the GESdesign.

Theflightphaseof theprogramincludesfabrication,assembly,and acceptancetestingof

theflightunitsandthe associatedsafetyanalysisto obtainlaunchapproval.

The estimateddevelopmentand productionschedulefor the PV/RFCpower systemis

shownin FigureD-12. The developmenttimeto achievea flightprovensystemis estimatedto

be 7 years. If the programis initiated in FY'93, then power systems could be available for

early lunar missions.
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Figure D-12. PV/RFC power system development schedule.
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APPENDIXE

INTRODUCTION

This is a family of fixed power systemsfor Mars applications.

require power levels from 0.9 kWe to 75 kWe. Power system

Missionapplications

applications include

communications (0.9 kWe), emergency power (5 kWe), the excursion vehicle servicer

(10kWe), and explorationsite main power (25kWe and 75 kWe modules for habitat and

associated external equipment). Solar powered systems such as these will require energy

storage for operation at night.

CONCEPT DESCRIPTION

A typical power system schematic is shown in Figure E-I. The overall power system

may be divided into the following subsystems for development purposes:

• Photovoltaic (PV) Array;

• Batteries;

• Thermal Management; and

• Power Processing and Control (PP&C).

The solar array converts sun light directly into DC electricity. The energy from the

array flows to the batteries, for later use, and to the user. When the system enters a period of

darkness, the energy to the user is supplied by the batteries. The batteries are recharged on the

next sun cycle by the solar array. The flow of energy from the array and to and from the

batteries is controlled by the PP&C subsystem.

Since the batteries must operate at high temperature, thermal management is required

to maintain the proper cell temperature and reject waste heat. In addition, the batteries need to

be heated prior to startup. The electronic components in the PP&C also require cooling to

remove waste heat.

This power system concept utilizes high efficiency photovoltaic cells to minimize array

area. A large array area is required for Mars applications due to the low insolation rate (due to
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dust from localand global dust storms). Sincethe PV subsystemis the largestcomponentof

system mass for Mars systems, it is important to minimize array area and specific mass

(kg/sq m).

The PV subsystemincludesthe array panels, supportstructure, and wiring harness.

For developmentpurposes,specificsubtaskswill includecell development,arraydevelopment,

deploymentmechanismdevelopment,and integration/systemtesting.

Thebatterysubsystemincludesthecells and relatedstructureto tie the cells together.

The thermal managementsubsystem includes battery insulation, battery isolation

plates,batteryradiator/interfaceheatexchanger,PP&Ccold plates,and the PP&Cradiator.

Power conditioning is included to process power for charging the batteries (down

regulator)and processingoutput power (boostregulator). A shunt regulardissipatesexcess

powerfrom the array.

GaAs-Ge/CIS
Solar Array

(39.8)kWeTrans-
mission
Une
(T1=97%)

(66.1)
kWe

I Shunt I
Cold Regulator*
Plate (11=95%)

Waste Heat to
PP&C Radiator

co, f

(q=95%)

Down
Regulator
(11=95%)

(37.6) _ •Transmission Line

26.4 _'1 (q=99.5%)

(26.3) kWe_ _---_NaS Battery

kWe I-- --'-- k I NaS Battery
I "r I \ I Thermal

I _1 Management
--_ I Subsystem

Waste Heat to
PP&C Radiator

User Loads

_ or
Distribution

Svstem

_0 Regulated
i DC Bus

l

!
m

Nores:
Powers in ( ) are for
recharging mode.

*Voltage & power
regulator.

Figure E-I. PV/NaS battery system schematic.
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The PVpanelsareassembledintomodulesonsite. Themodulesarethenconnectedto the

batteries. The battery subsystemhousing is a separate unit which includes the PP&C

subsystem.Thebattery/PP&Cunit is connectedto the arraysafter arraydeployment.

The system evaluatedin this article uses advancedmultijunctiontandem solar ceils,

sodium sulfur (NaS) batteries, DC-DC converters/regulators, and a heat pipe radiator. Each

subsystem will be described in more detail in the following sections.

Solar Subsystem Description

A solar array is made up of panels of photovoltaic cells mounted on a substrate structure.

A photovoltaic cell is a semiconductor device that turns light in to direct current electricity

(DC).

The baseline PV cell is one being developed by Boeing Defense and Space Group in Seattle

(Refs. E-1 through E-3). The multi-bandgap or tandem cell consists of a double-

heterostructure GaAs or AIGaAs thin film top cell and a polycrystalline CdZnS/CulnSe2

heterojunction thin film lower cell as seen in Figure E-2 (Ref. E-l). The leading technology

for thin film photovoltaic cells is CulnSe 2 (CIS) (Ref. E-4). In the cascade structure shown,

short wavelength (high energy) photons are absorbed in a high bandgap material on top of the

solar cell. The high bandgap material is transparent to longer wavelength (low energy) photons

which pass through and are absorbed by a second layer consisting of a photovoltaic material with

low bandgap.

Cascades can be configured as a monolithic cell in which the top cell is integrally

deposited on the bottom cell (or vice versa), or mechanically stacked, in which the two sets of

cells are formed separately. A mechanically stacked tandem configuration was chosen by Boeing

in order to provide wiring flexibility and to minimize fabrication constraints. Since both cells

are deposited as thin films, a very high specific power is possible.
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Coverglass (2 mil)

Top Adhesive (2 rail)

(-)

GaAs (or AIGaAs) Cell (~ 5 rail)

CdZnS/CulnSe:t Cell (~ 6 _m)

Glass Substrate (2-18 mil)

Vertical dimensions not to scale

Figure E-2. Tandem PV cell schematic.

The current Boeing design is based on a 2 cm x 4 cm cell area (Ref. E-l). The cell has

an improved two-terminal configuration with voltage-matched monolithic subcell units.

Voltage-matching is achieved by stacking one GaAs CLEFT (Cleavage of Lateral Epitaxial Film for

Transfer) cell on top of four CulnSe 2 subcells monolithically interconnected in series to form a

single cell unit.

An improved cell design could be achieved by using AIGaAs rather than GaAs as the top

cell. The bandgap of CulnSe 2 is better matched to the bandgap of AtGaAs than GaAs. A 26%

Beginning-of-Life (BOL) cell efficiency at AM0 is projected without structural change for this

advanced cell.

The upper thin film cell is fabricated by the CLEFT technique using MOCVD for cell

structure growth. The CIS cell fabrication includes sequential depositions of the Mo back

electrode, CIS absorber layer, and CdZnS window layer. This is followed by photolithographic

patterning and etching to form a solar cell device. Deposition of grid metal and addition of an

anti-reflection coating complete the cell fabrication process.

The individual PV panels are either small enough to be transported to Mars as designed

or are hinged for easy deployment. The panels lie horizontal and do not track the sun. Trade
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studiesdoneby Rocketdyneshowedthattherewas no advantage to tracking arrays since much of

the cell input is from diffuse light.

Planar arrays can be subdivided into two broad categories: rigid and flexible (Ref. E-5).

Rigid arrays are PV arrays that are mechanically stiffened with a honeycomb structure, usually

made of aluminum, sandwiched between two facesheets that provide back side shielding for the

PV cells and provide enhanced mechanical support to the structure. Rigid arrays are used in

high risk, unknown environments, where weight and cost are a secondary concern. Rigid arrays

provide the most mechanical support and the most survivability. However, the rigid array is

not suitable for planetary surface applications due to the mass penalty.

Flexible arrays are typically a Kapton substrate/superstrate which sandwich the PV

cells and electrical circuitry, and are very attractive due to the significant mass savings over

rigid panel arrays. Within the flexible arrays, there are three types: the roll-out type, the

fold-out type, and the inflatable type. A flexible array is recommended for SEI surface power

applications.

The Advanced Photovoltaic Solar Array (APSA) is an example of future flexible fold-out

arrays (Ref. E-6). There are three elements to the APSA array: the flexible plastic and solar

cell blanket (50% of the mass), the deployment mast and mast housing (34% of the mass), and

the blanket stowage compartment (16% of the mass) (Ref. E°5). The APSA wing consists of a

flat fold, multiple panel, flexible blanket on which solar cell modules are installed and

connected to printed circuit electrical harnesses that run along the outside longitudinal edges of

the blanket assembly. Any type of solar cell can be utilized with the APSA approach. For

launch, the accordion-folded blanket is stowed in a graphite/epoxy blanket during launch. The

blanket is deployed (unfolded) by extending a motor-actuated, fiberglass, continuous Iongeron

lattice mast that uncoils from an aluminum cylindrical canister structure. APSA is designed for

zero g operation. Additional support structure would be required for planetary surface

applications.
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Inflatable arrays offer promise for missions which are driven by mass and/or the

radiation environment. Inflatablearrays require the use of thin film PV solar cells. For a

100W array (EOL) the massbreakdownis as follows:inflatabletorus contributes0.793 kg,

the thin film solar array blanket0.793 kg, and the supportequipment1.36 kg, resultingin a

small satellitearray specificpowerof about34 W/kg (Ref. E-5).

An arraydeploymentmechanismis requiredfor automaticor roboticdeployment.Array

deployment alternatives include spring stored "one time deployment" and motor-driven

deploymentsystems. The deploymentmechanismis critical from a reliabilitystandpointand

may also contributesignificantlyto the systemmass. The deploymentmechanismfor Mars

systemsmust also maintainarray rigidityduringwind stormsand mustbe designedto prevent

resonatingof the structuraldue to the naturalfrequency.

Someformof structuremaybe usedto keepthe arraysoff the surfaceor to preventthe

arrays from beingdisturbedby Martianwinds. This systemwouldhave increasedmassover

one which is simplyrolledout onto the planetarysurface.

Battery Subsystem Description

Sodium sulfur batteries are high temperature (598 OK) secondary batteries which have

been under development for a number of years. Due to the high theoretical specific energy,

these batteries are being considered for electric vehicles, utility load leveling, satellite systems

(Ref. E-7), and planetary surface power systems (Refs. E-8 and E-9).

A fully charged sodium sulfur cell consists of elemental sulfur and sodium separated by a

beta alumina electrolyte as seen in Figure E-3. Beta alumina is a solid, ceramic electrolyte

separator which is conductive only to sodium ions. The molten sodium serves as the negative

electrode. During discharge, each sodium atom, entering into the discharge reaction, provides

an electron to the external circuit and migrates through the electrolyte. The molten sulfur

serves as the positive electrode. The sodium ions receive an electron, from the external circuit,

on the sulfur side of the cell and combine with the sulfur to form sodium pentasulfide, Na2S 5.
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After all the free sulfur is combined,a secondconversiontakesplace in which the Na2S5 is

convertedto sodiumtrisulfide,Na2S3. Theopencircuit voltageof the cell duringthe first 59%

of discharge,which correspondsto the sodiumpentasulfidereaction,is nominally2.08 volts

per cell. During the sodium trisulfide part of the discharge, the corresponding voltage is 1.75

volts per cell. Thus, the sodium sulfur cell discharge voltage has a two level characteristic with

the step change at about 59 percent. Experimental investigation has indicated that for best cycle

life, the depth of discharge should be limited to 59 percent.

Na

e- /S e--,

Sodium 13or 13" Sulfur
Alumina

Figure E-3. NaS battery cell operation during discharge.

Load

A tubular type NaS cell is illustrated in Figure E-4. This concept is most suitable for

base load power systems (15 minutes to 12 hours of operation). These type of NaS cells have

been undergoing evaluation testing by the Air Force for many years and have gone through

several design iterations. As shown in the figure, the liquid sodium is contained in a closed steel

tube with a metering orifice connecting to an annular chamber also containing sodium. The

closed beta alumina electrolyte encloses the sodium and separates it from the liquid sulfur

cathode. Liquid sulfur cathode material is held in a carbon felt matrix to provide electrical
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conductivityduringchargeand discharge.The steel tube is coatedwith a metalchosenfor its

resistanceto the corrosivesodiumsulfides.

Sodium

A1pha
A1umi na
Header

Coated Steel
Contai ner

Ceramic

Electrolyte

Carbon/sulfur

Electrode

Stee _ hole

dia.

Figure E-4. Typical tubular NaS battery cell design.
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Thermal Management Subsystem Description

The thermal management subsystem provides temperature control, heat transport, and

heat rejection functions. Solid conduction paths and heat pipes provide the heat transport

function. A radiator is required to remove waste heat from the battery and from the PP&C

components.

An active thermal control system is required to maintain the battery at the proper

operating temperature. Three different techniques are possible for controlling battery

temperature (Ref. E-10): (1)louvers; (2)pumped loop radiator; and (3)heat pipe radiator.

The use of louvers allows the battery to radiate directly to space as needed to reduce its

temperature. Louvers offer the greatest weight advantage (Ref. E-10). However, louvers

require the greatest mechanical complexity and potentially the lowest reliability. Louvers also

allow for a nonhomongeneous thermal distribution in the battery which may be detrimental.

Pumped loop (or tube-sheet) radiators offer the next best approach from a mass

standpoint if no redundancy is built into them. Pumped loop radiators have been used

successfully for the space shuttle and will be used for Space Station Freedom (SSF). This type

of radiator is best applied to missions with limited duration or to systems which are

serviceable. Potential working fluids include water, potassium, NaK, and Dowtherm A. NaK is

the preferred working fluid for this application due to its low freezing point, low operating

pressure, and stability in a thermal environment. The use of NaK as a reactor primary coolant

indicate that it can be used with good reliability for prolonged periods of time. The development

of highly reliable, long life, low flow rate, low mass pumping systems to accomodate the use of

fluid loops in space would require considerable effort (Ref. E-10). Furthermore, the pump

represents the source of a single point failure mode, thus requiring duplication within the

system and thereby nullifying the slight mass advantage over heat pipes.

Thermal homogeneity could be accomplished with heat pipe systems for transport and

heat rejection due to their isothermal heat transport characteristics. Heat pipes also offer the

advantage of improved reliability and a graceful failure mode. A recent Rocketdyne study has
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shown that advancedcarbon-carbon(C-C) heat pipe radiatorscan be designedwhich are

competitivein mass to pumpedloop radiators(estimatedspecific massof 3 kg/m2 for heat

pipes with water or ammonia). Thus, a heat pipe radiatorwas tentatively selectedas the

baselinedesign.

The baselineheat rejectionassembliesutilize lightweight,passive, reliable, heat pipe

radiators that are sufficiently versatile to allow integrationinto a variety of configurations.

The individualheatpipesoperateindependentfrom one anotherand thus the failureof a heat

pipe will not result in failure of the completeradiator. The rectangularradiator heat pipe

panel is attachedto the batteryassembly.Variableconductanceheatpipestransferheatto the

radiator. The heatpipe workingfluid evaporatesand travels to the top end of the heat pipes.

The evaporatedfluid is thencondensedin the coolersectionof the heatpipe. A smallwick or

groovesallow the liquid to return to the evaporator(unlessthe heatpipe is verticaland gravity

can be used for fluid return). A wick or groove is not absolutelynecessaryfor vertically

oriented radiators (due to gravity return) but is recommendedto insure good control of the

fluid transport. The heat pipes may be either carbon-carbontubeswith metal liners (titanium

or nickelbasedalloyfor biphenyl)or metalheatpipes. Carbon-carbonheatpipes area factor

of 2-3 timeslower in massthanconventionalall-metalheatpipes.

The problemwith using a heat pipe for batterycooling is that no commonheat pipe

workingfluid is suitablefor operationat about600 °K (Ref. E-11). Only three of the common

heat pipe working fluids including water, cesium, and mercury show any promise for operation

at this temperature. However, these fluids have several disadvantages. Both mercury and

cesium are highly toxic and would have handling problems. Mercury has a poor contact angle

and does not wet the wick surface, which causes heat pipe priming problems. Mercury also has

a high density which results in a heavy heat pipe. Cesium has a very low vapor pressure which

favors leakage into the pipe. Leakage is a severe problem since atmospheric water will react

with the cesium to form hydrogen. Water develops a high pressure at the required operating

pressure which requires a heavier heat pipe and may result in potential safety issues. A recent
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study (Ref. E-11) found thai biphenyl is a suitable heat pipe working fluid for this application.

Biphenyl is compatible with likely materials of construction and its liquid transporl factor is

suitable for use in a heat pipe. Also, its vapor pressure is in the desired range at the operating

temperature of the battery. Thermal studies have shown that biphenyl should be stable for

long-term operation at high temperature and non-condensable gas generation will not be a

problem. Thus, biphenyl was selected as the working fluid for the battery heat pipes.

PP&C Subsystem Description

The PP&C subsystem is a collective term for the power system control electronics. This

system includes items such as shunt regulators, voltage regulators, and battery charge

controllers. Their function is to control the flow of energy though the power system to the

payload.

Shunt Regulator DescriptiQn. At the beginning of life of a solar power system the solar array

produces excess power. To prevent the rest of the system from being overpowered, a shunt

regulator is installed. This regulator shunts off excess current from the array. This energy is

dissipated in the form of heat.

Boost Re0utator Description. The boost regulator increases the voltage from the batteries up to

the nominal bus voltage. There are two basic types of boost regulators. The basic boost

regulator handles all of the processed power and the efficiency of the circuit applies to all the

power. This regulator places a "buck" inductor and switch in alternate positions such that the

opening switch allows the inductor to force the current it had before the switch opened into the

load impedence. The output voltage depends on the load impedence and current. The basic

booster has a relatively low efficiency and may have loop stability problems.

The add-on booster only processes the boost voltage (usually only 10 volts). The boost

power (voltage added times output current) is parallel to the load at the input. Most of the
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power is not processedand thus the overallefficiencyis muchhigherthan for the basicboost

regulator. A failureof the add-onboosterresultsin a lower DC busvoltage,but the systemis

still functionalwith degradedperformance.

The boost regulatorrequiresmonitoringequipmentto determineoperatingparameters

and heat sinking to removewaste heat. EMI filters are requiredto preventinterferencefrom

the switching.

Down Regulator Description. The PV array is designed to always provide a higher voltage than

the nominal battery voltage. The down or "buck" regulator provides a constant output DC voltage

for charging the battery subsystem from the array. The regulator output voltage is always

lower than the input voltage. The voltage conversion is accomplished by switching the input on

and off. The filter removes the AC component produced by switching, but allows the DC voltage

throught.

The down regulator is reliable and very efficient (85-90% for nearterm hardware).

The efficiency of the regulator depends on the internal operating frequency and the input-output

voltage difference. As the frequency goes up the size goes down and so does the efficiency. This

regulator does not isolate the input from the output loads. If the regulator is not properly used,

then it can cause radio interference since it uses switching to interrupt the current. Proper

EMI filters are required to eliminate this interference. Monitoring equipment is required to

determine the proper operating conditions. Heal sinking is required to remove waste heat.

TECHNOLOGY ISSUES

Key issues for the PV subsystem are summarized in Table E-1. The key issues for

development of a NaS battery subsystem are summarized in Table E-2.

The key issue with sodium sulfur batteries is achieving cycle life to permit operation as

a satellite battery. While the specific energy, of the sodium sulfur system, is much higher than

the current baseline nickel hydrogen batteries, the cycle life is much lower. Primary failure
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mechanismsare relatedto corrosionof the seals andcell componentsby the chemicallyactive

sulfidesandthe fragilityof thebetaaluminaelectrolyte.Designfeatureshavebeendevelopedto

mitigatethe effectof these failuremechanismsso that a failureis not catastrophic.Crackingof

the electrolyteor loss of cell case integritydoes however,result in lossof the cell however.

Continuingcell developmentis aimedat resolvingtheseissues.

TABLEE-1.PVSUBSYSTEMISSUES,IMPACTS,ANDDEVELOPMENTAREAS

Issues

Large array area due
to low Martian
insolation

Small cell size

Cell efficiency

Impacts

•Increased life cycle cost (LCC)
• Increased deployment time
• Increased number of cells with

reduced system efficiency and
reliability

• Increased number of cells with
reduced system efficiency and
reliability

• Increased array size and LCC

Cell cost ,Increased LCC

Deployment system ,Increased LCC
and support

Potential Development Areas

• Higher efficiency top cell
(AIGaAS)

• Robotic or automatic
deployment system

•Thin film arrays
• Roll-out arrays
• Higher efficiency top cell

(AIGaAS)
•Larger size cells
• Higher efficiency top cell

(AIGaAS)
• Low cost production

techniques
• Flexible roll-out array
• Robotic deployment

structure weight
Operating
temperature
fluctuation
extremes

and

•Reduced cell life due to thermal
stress/increased LCC

• Design and test for
appropriate environment

•Test for thermal extremes

Martian wind ,Increased structure mass and LCC ,Lightweight structure and
tie-downs

Dust accumulation ,Robotic dust removal system• Increased array area and LCC
•Maintainence cost
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TABLEE-2.NaSBATI'ERYSUBSYSTEMISSUES,IMPACTS,ANDDEVELOPMENTAREAS

Issues

Cycle life

High operating
temperature

Safety (explosion, fire,
toxic fumes, formation
of sulfuric acid)

Impacts

•Increased life cycle cost

• Heavy heat pipes, poor
performance, toxic working
fluids (cesium or mercury) or
high pressure (water)

• Increased manufacturing cost

Potential Development Areas

•Physical and chemical stability of
alpha alumina seal

•Physical and chemical stability of
electrolyte

•Sealing technology for tubesheet to
cell case

•Low mass C/C heat pipe radiator
• Heat pipe working fluids

(biphenyl)

•Battery casing design

TECHNOLOGY ASSESSMENT

The technology bases were assessed for the following major PV/battery subsystems:

• PV array;

• Batteries;

• Thermal management; and

• PP&C.

The technology readiness of each assembly was evaluated using the NASA technology readiness

levels. These evaluations are summarized in Table E-3 which shows that the power system has

technology readiness levels ranging from 3 to 5, depending on the particular subsystem. The

technology base for subsystems is discussed in the following sections.

TABLE E-3. GaAs-CIS PV/NaS BATTERY TECHNOLOGY ASSESSMENT

Subsystem

GaAs/CIS PV cells
NaS batteries

Battery
management
PP&C

therma

Technology
Readiness

Level

5
4

3

5

Comments

Pilot development phase for cells; APSA program
Breadboard cells tested by Air Force and prototype
battery is under development
Radiator component development currently
underway; biphenyl investigated as heat pipe fluid
Similar components under development for Space
Station Freedom (SSF)
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System State-of-the-Art

The GaAs/CIS PV array and NaS battery system has a NASA Level of about 4. The concept

of this type of a system has been formulated but the details of the system have not been worked

out. Specifically, this includes the integration of the NaS battery storage into the system.

Though NaS batteries are a basic secondary type battery they require special thermal control to

work. The batteries require an operating temperature of 598 OK. The PP&C subsystem will

have to work in conjunction with thermal control system to maintain this temperature. In

addition, to overcome the fragility problems of NaS batteries, it has been proposed to launch the

batteries in a frozen state (<573 OK). Once on the planetary surface, the batteries will have to

be brought up to temperature through some type of external source. For a flight test

experiment, the power source will be the Shuttle payload power bus. Another issue is that

prior to the time the NaS batteries are brought on line the spacecraft will need power for basic

operations such as ground telemetry and array deployment. Some other source of energy, such

as a primary battery, will be necessary and will increase the complexity of the PP&C

subsystem. In this system the operational characteristics of the NaS battery are the key issues.

Due to the low readiness level of the NaS battery and the thermal management subsystem, the

overall system readiness level is relatively low compared to current PV/battery systems.

PV Array State-of-the-Art

The current cell technology level is between 5 and 6 on the NASA scale. The Boeing cell

development is in the pilot line phase now (Ref. E-12). Production volume is expected by

1996. The GaAs top cell is currently made by Kopin company while the bottom CIS cell is made

by Boeing. An advanced cell design (AIGaAs/CIS) could be available well before 2008. Cell

testing has progressed through the preliminary qualification stage. Testing has included

thermal cycling, UV illumination, off-angle, vacuum stability, and humidity tests. Small

coupon panels have been tested for mechanical shock, pyro shock, acoustics, vibration, and
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thermalcycling. Currentcell size is 2 x 4 cm (1991). Boeingis also workingon a thinplastic

substrateto replacethe currentglass substrate.

Array developmenthas been done for both rigid and flexible arrays. Various array

technologies are summarized in Table E-4 (Ref. E-5). For large systems, the support

structuredevelopmentmaturityis at a NASALevel7. Theonly largesystemnowbeingplanned

for launch is the SpaceStationFreedomarray. The array supportstructurewas flight tested

underthe SAFEprogram. Underthecurrentschedulesthesedesignswill reachLevel9 by the

year 2000.

TABLE E-4. DESCRIPTION OF VARIOUS ARRAY TECHNOLOGIES AND APPROXIMATE
PERFORMANCE FIGURES OF MERIT (IN EARTH ORBIT)

Name Description PV CELLS Base Life
(BOL) Power (years)

, (EOL
kWe)

Rigid
Honeycomb
(Typical)
HUBBLE

Space
Station

APSA

SUPER
(Planar)

AHA

Aluminum honeycomb

Roll-out flexible blanket

Flexible Kapton fold-out
blanket

Flexible Kapton fold-out
blanket

Flexible fold-out with

Beryllium

Ti honeycomb with 1.4 x
concentrating shutters
AI honeycomb with
protective shields

ESSA

Si: BSF 8 mil

Si: 2x4 cm 2

BSFR
Si: wrap
through
contacts 8x8
cm2

Si: 2x4 cm 2

BSF 13.8%
GaAs/Ge 6x6
cm2,18%

GaAs/Ge -_

junction,24%
GaAs/Ge single!
junction,18%

3.4 7

4.4 2

75 4

3.7 10

5.3 5

5 10

5 10

Area Specific
Density Power

(W/m 2)

128.3

117

90

95

121.7

95.5

137

(W/kg)

32

19

66

93

26.5

28.8

23.2

The roll-out type array approach was developed in the early 70's at Wright-Patterson

Air Force Base during the Flexible Roll-Up Solar Array (FRUSA) program. The same basic

tgechnology is used today for power generation on the Hubble Telescope. Some of the arrays in

the flexible fold-out category are the SAFE array, MiI-Star, Space Station and the APSA array
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developedbyTRWfor JPL. TheAPSAarrayis designedfor GEOorbit. TheAPSAprogramhas

beenongoingfor severalyearsand hassignificantlyreducedthe massof arraysusinga flexible

array design. APSA has a goal of demonstrating a producible array system having a specific

power greater than 130 W/kg (BOL) at 10 kW (BOL). A research and development array that

should be seen as both "fold" .and "roll" out is the inflatable array. The inflatable array

approach is funded by DARPA and is being developed and build by L°Garde Inc. The DARPA

program is called Inflatable Torus Solar Array Technology (ITSAT) and is scheduled to conduct a

space flight experiment in the 4th quarter of 1993. The inflatable array is considered a high

risk - high payoff approach.

The current application cell design could utilize either an inflatable array, an APSA type

array (with additional support structure), or roll-out array.

Battery_ Subsystem State-of-the-Art

Development of sodium sulfur batteries was initiated in the 1960s for electric vehicle

applications (Ref. E-13). Since then, development has progressed to the point that prototypes

and breadboards are now being fabricated or are in test. Advancement of the technology has been

limited by the low level of funding and the concern over the safety and operating temperature of

the battery. Several manufacturers are engaged in ceramics development on the electrolytes

and, in the United States, Hughes and Eagle-Picher are actively engaged in the development of

space type batteries (Ref. E-14).

Eagle-Picher, in conjunction with Hughes Aircraft, had an Air Force contract

(administered by WPAFB) which ran from 9/86 to 1/91 to develop a NaS cell for Low Earth

Orbit (LEO). The major goals of this program were lhe following:

• specific energy of 397 kJ/kg (50 W-hr/lb);

• 30,000 charge-discharge cycles;

• 2C discharge rate;

5 year calendar life; and
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• withstand LEO environment.

A Mars surface environment would be much more benign for a battery subsystem than a LEO

application due to a reduced charging rate, a reduced number of cycles (only 1825 for 5 years),

and a gravity environment (poor distribution of reactants in microgravity environment can

cause current blockage due to formation of a non-conductive layer). In addition, the battery can

be qualified using only ground testing.

For space applications, NASA Level 4 would apply. That is, breadboard cells have been in

test for some time by the Air Force and a prototype of a satellite battery is in development under

Air Force contract and is to be demonstrated in 1993 or 1994 (Ref. E-7). Further

development is required to accelerate the fabrication and testing of cells and batteries in order

to identify currently unknown problem areas. Specifically, testing will include space

environmental testing, materials compatibility testing, and cycle testing. Under current

funding levels, flight test of the battery is projected for the 1996 to 1997 timeframe.

Availability for space applications is projected for the year 2000.

Thermal Man_qaement Subsystem State-of-the-Art

NASA LeRC is currently carrying out an integrated multi-element project for the

development of space heat rejection subsystems with special emphasis on low mass radiators in

support of SEI power system technology (Ref. E-15). This effort involves both in-house and

contracted efforts. Contracted efforts involving Rockwell International (RI) and Space Power

Incorporated (SPI) are aimed at the development of advanced radiator concepts (ARC). NASA

LeRC is also involved in a joint program with DOE to demonstrate a flexible fabric heat pipe

radiator concept being developed by Pacific Northwest Laboratories (PNL). In-house work at

NASA LeRC is designed to guide and support the overall program by system integration studies,

heat pipe testing and analytical code development, radiator surface morphology alteration for

emissivity enhancement, and composite materials research focused on the development of low

mass, high conductivity fins. This program is concentrating on technologies capable of

E-18



PV/NASBATTERYTECHNOLOGYROADMAP

developmentbeforetheend of thedecadefor bothsurfacepowerand nuclearelectricpropulsion

(NEP) applications.

Specificobjectivesof the ARCcontractsare to achievespecificmassvalues<5 kg/m2

with radiator surface emissivities of 0.85 or higher at typical radiator operating

temperatures,and reliabilityvaluesof at least0.99 for the heat rejectionsubsystemovera ten

year life. These figures representa factorof two improvementover the currentlyconsidered

heat rejectionsubsystemfor SP-100,and even greater improvementfactors for state-of-the-

art heatrejectionsystemsused in currentspacecraftapplications.

Presently,Rocketdynedivisionof RockwellInternationalis involvedin the development

of a carbon-carbon(C-C)or graphiteheatpiperadiatorpanel. Rocketdynehasa NASAcontract

entitled"SP-100AdvancedRadiatorConcepts"whichstarted in 1987 and is part of the CSTI

(CivilianSpaceTechnologyInitiative)program. This programwill be completedin Januaryof

1993. This programinvolvesdevelopmentof a C-C heat pipe suitablefor use in an SP-100

radiator. However,this technologywill be suitable for other radiator applicationsas well

includingbatterypowersystems(usingother working fluids). The hope is that this program

will developgenerictechnologywhichcan be usedfor all futurespaceradiatorsbecauseof its

reduced mass compared to metal heat pipe radiators. Carbon-carbonis a new structural

materialwhich requiresdifferentfabricationtechniquesthan for metalsor composites. A key

objective of this program is to demonstrate the ability to fabricate C-C heat pipes with a thin

metal liner, wicks, caps, and fill tube. The brazing technique required to attach liners is the

same as would be required to attach manifolds to the heat pipes. Heat pipes filled with potassium

will be designed, fabricated, and tested during this program. Thermal cycle testing will be done

in a vacuum to demonstrate the integrity of the heat pipes.

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as

part of the CSTI program. The next phase of the program will involve fabrication and testing of

complete heat pipes several feet long.

E-19



PV/NASBATTERYTECHNOLOGYROADMAP

The workingfluids and temperaturesfor the SP-100systemwouldbe differentthan for

lower temperaturebattery systems. Thus, Rocketdynehas an on-going IR&D effort which

involvesdevelopmentof a C-C heat pipe for lower temperatureapplications. This effort will

eventuallyincludefabricationand testingof a heatpipe. Rocketdyneis alsolookingat a higher

thermalconductivityC-C heatpipe design.

The objective of the joint NASA LeRC/Air Force program with PNL (Light Weight

AdvancedCeramicFiber [ACF] HeatPipe Radiators)is to demonstratethe feasibilityof a low

mass ceramic fabric/metalliner heat pipe for a wide range of operating temperaturesand

workingfluids (Ref. E-15). Specifically,the NASALeRCobjectivesare to developthis concept

for applicationto spaceradiatorswithoperatingtemperaturesbelow500 °K usingwateras the

working fluid. The specific mass goal for these heat pipes is 3 kg/m2 or less at a surface

emissivityof greater than 0.85.

Several heat pipes were built for the ACF program using titanium and copper foil

materialfor containmentof the waterworkingfluid. A heatpipe with an 0.2 mm Ti liner was

demonstratedin early January 1991. An innovative"UniskanRollerExtrusion"process has

alsobeendevelopedat PNLand usedto draw0.76mmwall tubingto a 0.05mm foil liner in one

pass. Thewaterheatpipesfabricatedfor LeRChavebeensubjectedto a testprogramto evaluate

performanceand reliabilityat demandingoperatingconditions.

Futurethrustsof the ACF programwill be to perfectthe heatpipe fabricationprocedure

using very thin (0.025to 0.05 mm) foil liners which are internallytexturizedby exposureto

high pressures (Ref. E-15). Plans will also be developed to perform hyper-velocityand

ballistic velocity impact tests in order to determineif secondaryfragmentsfrom a penetrated

heat pipe will result in failuresof neighboringheatpipes. Anothermajor challenge will be to

design a heat pipe with high conductivity, low mass tins as a first step toward the fabrication of

low mass radiator panels.

The NASA LeRC in-house materials program includes radiator surface morphology
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alteration by arc texturing for emissivity enhancement purposes (Ref. E-15). Emissivity

enhancement has been demonstrated for graphite-copper samples.

PP&C State-of-the-Art

Assigning a NASA Readiness Level to PP&C is difficult. There are many systems that

have flown which would make parts of the PP&C subsystem Level 9, but each PP&C system was

custom design for each spacecraft design. Only unlil recently has the array and battery PP&C

become standardized into packaged systems. In the Space Station Freedom program, standard

PP&C components are undergoing qualification. Recent military programs have ended with

qualified packaged PP&C component designs.

The PP&C system design is based on a reasonable electronics component evolution, and

there are no significant technology issues associated with its development. It will be necessary

to fabricate breadboard hardware for tesling and evalualion purposes, but there is no need to

initiate any advanced component development. Most of the hardware elements have been or

shortly will be operating in a relevant environment on other spacecraft or the SSF electrical

power subsystem.

DEVELOPMENT PLANS

The development program was divided into seven major tasks. The first four tasks are

component development tasks. The last three tasks includes the system design, fabrication,

integration, and testing for the Ground Engineering System (GES), Qualification Unit (QU), and

Flight Unit (FU).

Testing will be done on the component, subsystem, and system level (qualification

testing). The system level tests will show any possible negative interactions between

subsystems.

The PVfoattery development tasks are described in the following sections. Each task will

include a section on objectives and the statement of work.
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Task 1. PV Array Development

Ob!ectives: Complete development of high efficiency tandem cell, a low mass flexible array, and

an automatic or robotic deployment approach.

_;tatement of Work: The following subtasks are identified:

Task 1.1 Subscale PV Array Development. Complete development of GaAs/CIS or

advanced (AIGaAs/CIS) tandem cell. Develop a larger cell size. Test subscale PV panels to

verify performance under appropriate environmental conditions (thermal cycling, vibration

tests, strength and stiffness, radiation, etc.). Develop the array structure and deployment

concept.

Task 1,_ Full Scale PV Array DeveloDment. Develop and test full scale PV arrays.

Verify adequate performance.

Task 2. Battery_ Subsystem Development

Objectives: Develop a full scale flight weight battery module which can be integrated into a

PV/battery power system. Demonstrate materials compatibility, safety, and performance

margins.

Statement of Work: This effort was divided into the following subtasks:

Subtask 2.1 Preliminary Battery Development. Demonstrate the feasibility of the

selected battery design for planetary surface applications. Test a prototype battery Io

demonstrate materials compatibility, safety, and component life.

Final Battery Module Design. Design a full scale flight weight batterySublask 2.2

module.

Subtask 2.3 Battery Module Fabrication. Assembly. and Teslin0. Build and test

(performance, mechanical, and thermal cycling) the battery module. After initial breadboard

validation testing is complete, perform additional module testing in a relevant environment.

E-22



Task 3. Thermal Management Subsystem Develooment

_: Develop and demonstrate a low mass, reliable heat pipe radiator which will operate

at about 600 °K. Develop and demonstrate components for thermally isolating the battery from

the rest of the system and the environment. Develop a thermal management approach for the

PP&C components.

Statement of Work:

Subtask 3.1

This effort was divided into the following subtasks:

Heat Pipe Demonstration. Fabricate and test representative length heat

pipes to fully characterize heat pipe performance. Compare test results with predicted

performance over the anticipated range of operating conditions including startup, shutdown, and

restart.

Perform limited life testing of the heat pipes. Identify deterioration mechanisms,

measure deterioration rates, and assess the adequacy of assembly and cleaning procedures.

Withdraw heat pipe samples sequentially throughout the test period. Drain, section, and analyze

the samples for corrosion, carbon diffusion, braze stability, and any other signs of

deterioration.

In conjunction with the heat pipe performance and life testing, develop and demonstrate

techniques for nondestructive examination (NDE) of the heat pipe elements and assembly.

Assess the adequacy of liner bonding and weld joints. Determine if the correct fit-ups and

interfaces were obtained in the assembled piece.

$ubtask 3.2 Radiator Enhancement. Increase the applicability of the radiator concept

by performing various enhancement tasks. Examine survivability options and extended length

heat pipes.

Perform analytical assessment, testing, and enhancement design development to insure

long life for Mars missions. Consider natural threats such as micrometeoroids and dust erosion.

Fabricate a long heat pipe. Develop alternate techniques for fitting the liner into the

tube. Investigate alternative tube fabrication, liner fabrication, and coating processes.
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Subtask 3.3 Heat Pipe Intearation and Testino. Develop and demonstrate techniques for

attaching the heat pipes to the battery assembly. Subsequently, demonstrate heat pipe

integration into a representative radiator section. Test the radiator section to provide an

accurate overall heat transfer coefficient. Verify radiator dynamics and performance. Test the

assembled unit in a cold wall, vacuum chamber, simulated space environment. Validate

temperature drop predictions and assess component interactions.

Subtask 3.4 Thermal Management Subsystem Design. Assembly. Fabrication. and

Testing. Develop the detailed design of the thermal management subsystem. Resolve specific

design issues such as the effects of differential thermal expansion, deployment features,

monitoring instrumentation and control equipment, local insulation, and trace heating of the

battery for thawing.

Design, fabricate, and test a representative full scale thermal management subsystem.

Complete performance, mechanical (slress, shock, and vibration), thermal cycling tests.

Task 4. PP&C Subsystem Development

.Q_: Demonstrate adequate steady state and transient performance, life, and immunity to

the environment (including launch and operating). Demonstrate the software capability to

handle power system nominal operation and failure modes.

Statement of WQrk: This effort was divided into the following subtasks:

Subtask 4.1 Electrical Com oonenls. Build breadboard units to demonstrate and check

functional performance of the individual component circuit designs. Incorporate any necessary

design modifications and improvements into brassboard units. Verify functional performance

within the constraints of the actual component configuration. Fabricate prototype units and

perform a series of tests using simulated input and output loads. Test the controller to validate

the operating system software. Include the following testing:

• start up, steady state and transient control;

• failure simulation and detection and switching;

E-24



PV/NASBA'fTERYTECHNOLOGYROADMAP

Subtask4.2

outputs.

effectsof temperatureextremesand thermalshock;

effectsof environment;

shockand vibration;

cold plate heat loads; and

EMI generation and susceptibility.

Software - Check out the controller software using simulated inputs and

Task 5. Ground Enaineering System (GES_ Testine

Ob!ective_: Design a system concept which will meet Mars power system applications.

the concept feasibility. Verify adequate performance and life for an integrated system.

Show

Statement Qf Work: This effort was divided into the following subtasks:

Task 5.1 GES Design. Identify and characterize specific power system applications.

Determine power system requirements. Define optimum power system module size based on

trade studies which minimize the overall life cycle cost of the power system for all applications

(trade between development cost and mass).

Identify concepts and perform tradeoff studies (performance, reliability, risk, safety,

and life cycle cost) to select the optimum system design. Complete feasibility studies for the

selected concept. Definitize the remaining hardware development tasks based on the system

concept chosen.

Design a complete power system Io al least meet the minimum life requirement (10

years for arrays and 5 years for batteries). Perform both design point and transient analyses

to verify the design. Perform this task in parallel with the component development tasks to

insure proper system characteristics
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Task 5.2 GES Performance Tests. Manufacture the GES components and assemble.

Pressure and leak check the assembly, fill the batteries and heat pipes, complete a electrical

check-out, and check out all active devices to the extent possible.

Design the test program for the GES to verify all performance characteristics of the unit

in conjunction with subjecting the GES to acceptance level tests. Conduct performance and

thermal vacuum tests during a single thermal vacuum test sequence to demonstrate technical

capabilities while minimizing program cost. Complete the following performance testing

activities"

checkout and refine subsystem assembly procedures;

verify operation of ground support equipment (GSE) and interfaces with the GES;

verify start up capability;

verify steady state performance characteristics;

establish effective operating range of the system;

check out software and verify autonomy (include all operational modes and
simulate failure modes);

• simulate normal switchover from one module to another;

• simulate failures to trigger module switchover; and

• establish system sensitivity to off-normal conditions such as: (1) partial loss of
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of
electronic cooling, and (4) temporary losses of heat sink with varying duration.

Task 5.3 GES Life Test. Refurbish the GES after completion of performance,

acceptance, and margin tests. Refurbishment will include the following:

• replacing or repairing components as necessary to ensure that the GES is
returned to its as-built condition;

• addition of special instrumentation required for the life test phase; and

• modification of the main radiator heat removal system or replacement of the
main radiator with a dump heat exchanger.

Install instrumentation to provide a comprehensive diagnosis of the "health" of the GES and to

monitor for degradation of major assemblies and individual components. Place the GES on a
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multiyearlife test in air. Operatethe GESat its nominaloperatingpoint, with expectedGES

variationsin poweroutputand environment.

Disassemblethe GESfor diagnosisat the end of the life test. Determineareasto be

examined by an analysis of the health monitoring data and from the reliability analysis

predictions.

Task 6. Qualification Program Testing

Objeclives: Fabricate the qualification units (QUs). Verify adequate performance and life for

the QUs.

Statement of Work: Develop a comprehensive performance and dynamic testing program which

will provide a formal demonstration that the power system will perform as designed after being

subjected to simulated launch conditions. Select launch environmental conditions which

envelope the probable intensities developed by various launch scenarios.

Begin the qualification effort (a typical approach is shown in Figure E-5) by qualifying

the assemblies. Fabricate and assemble the qualified production items into the QU. Qualify the

QU by the rules for space vehicle qualification.
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Figure E-5. PV/battery power system qualification program.
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This effortwas dividedinto the followingsubtasks:

Subtask 6.1 Qualification Performance Testing. Conduct performance testing at each

level to verify that each item performs as designed. Perform dynamic testing to verify the

capability of the power system to withstand launch loads, including acoustic, pyroshock and

vibrationat. A possible performance and dynamic qualification test sequence for components and

assemblies is shown in the matrix of Figure E-6. The corresponding qualification test sequence

for the QU is shown in Figure E-7.

Subtask 6.2 Qualification

qualification performance testing,

Life Testin0 (Optional). After completion of the

partially disassemble the QU and examine the unit.

Refurbish the QU as required and modify for endurance testing in air, as described for the GES.

Life test the QU.

Component or
Subassembly

Battery Module X X X X X X! X X X X X X X X

Radiators X X X X X X X X X X X X X

PP&C X X X X X X X X X X X X

Structure X X X X X X X X X X X

PVArray X X X X X X X X X X X X

Figure E-6. PV/battery power system assembly qualification test matrix.
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Electromagnetic
CompatibilityTest

FunctionalCheck

PressureTest

PyroshockTest

Fun_onalCheck
ThermalBalance

Test
FunctionalCheck

__ Thermal-VacuumTest

Figure E-7. PV/battery power system QU test sequence.

Task 7 Flight Unit (FU_ System Program

Ob!ective_: Fabricate the flight systems and acceptance test the FUs to demonstrate required

performance. Deliver the flight systems and provide integration support for the FU with the

payload and the launch vehicle.

Statement of Work: Fabricate, acceptance test, and assemble parts to produce the flight

systems. Subject the systems to acceptance testing before shipment to the launch site. Use the

same test facilities (vacuum chamber, vibration, acoustic) that were used for the qualification

program for flight system acceptance testing. Finally, provide launch support activities to

insure that the FU meets its design and performance goals associated with integrated payload and

launch systems.

The work is divided into the following subtasks:

Subtask 7.1 Flight Component Fabrication. Design, fabricate, inspect, and assemble

the components and subassemblies required for the FUs, including all spare parts as required to

support the flight system activities.
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Subtask 7.2 FU Assembly. Test. and Payload Integration. Assemble and inspect the

FUs. Acceptance test the FUs and ship to lhe launch site. Provide technical support for FU

integration with the payload, launch vehicle, and launch support facilities.

8ubtask 7.3 FU Launch SuoDort. Provide FU launch support activities to insure that

the FU meets its design and performance goals associated with the integrated payload and launch

systems.

DEVELOPMENT SCHEDULE

The program starts with a conceptual design task followed by preliminary design and

concurrent component development or production of the PV array, battery, thermal

management, and PP&C. The detailed design is subsequently completed by the middle of the third

year.

Fabrication of components for ground testing for the Ground Engineering System (GES)

starts with procurement of long lead materials and equipment in the first part of the fourth

year. This leads to assembly of the system by the end of the fifth year.

The GES will be similar to a flight system but will have features such as additional

instrumentation and readily removable components to expedite gathering of engineering data and

to permit modification of components. It will be tested in a vacuum chamber under normal and

off-normal design conditions. After this phase of testing, it will be partially disassembled,

examined, refurbished as necessary, and put on life test, nominally for 1 year.

The qualification phase includes design, fabrication, assembly, and qualification testing

of individual components, and a complete system. The design effort will be minimal since it

would involve only minor modifications to the GES design.

The flight phase of the program includes fabrication, assembly, and acceptance testing of

the flight units.

The estimated development and production schedule for the power system is shown in

Figure E-8. A minimum development time is about 8 years.

E-31



PV/NASBA'I-I'ERYTECHNOLOGYROADMAP

TASKS

COMPONENTPROGRAM-Tasks1-4

.PV Subsystem

•BatterySubsystem

•ThermalManagementSubsystem

°PP&CSubsystem

GESPROGRAM-Task5

SystemDesign

SystemFabricationandAssembly

SystemDevelopmentTesting

QUPROGRAM-Task6

FlightComponentFabrication

ComponentQualification

SystemAssemblyand Qualification

FUPROGRAM- Task7

AssemblyandAcceptanceTest

LaunchSupport

YEARSAFTERPROGRAMSTART

1 2 3 4 5 6 7 8

t
31_

I

!

I

i
PDR

]

1 5

j 5

I
E

t \7

t I

[

Performance
TestingComplete

/ LifeTesting

Complete

V6 V

l

V FU

'NumbersindicateTechnologyReadinessLevelsusingNASAscale
! ] ", I ) i

I
I

Performance Optional
Testing Ule Testing

Complete /

t ]

Ship Laund'l

Figure E-8. GaAs-CIS PV array/NaS battery power system development schedule.

E-32



PV/NASBATTERYTECHNOLOGYROADMAP

REFERENCES

1. Kim,N.P.;andDevaney,N.E.:LowCostCulnSe2 BasedSolarCellsforSpaceApplication.
26th IECECProceedings,Volume2, August1991,pp. 314-320.

2. Kim, N.P.; et. al: High SpecificPower (AIGaAs)GaAs/CulnSe2 TandemJunction Solar
Cells for SpaceApplication. 24th IECECProceedings,Volume2, August1989,pp. 779-
783.

3. Stanbery,B.J.; et. al: ThinFilmGaAs/CulnSe2 SolarCells for SpacePowerApplication.
19th IECECProceedings,August1987,pp. 280-284.

4. Landis,G.A.:Reviewof Thin FilmSolarCellTechnologyand Applicationsfor Ultra-Light
SpacecraftSolar Arrays. Proceedingsof the 10th Space PhotovoltaicResearchand
Technology(SPRAT)Conference,1989, pp. 180-197.

5. Cooley,Lt. W.T.: Air Force PhotovoltaicArrayAlternatives. 26th IECECProceedings,
Volume2, August 1991,pp. 275-280.

6. Stella,P.M.;and Kurland,R.M.:Developmentof the AdvancedPhotovoltaicSolarArray.
26th IECECProceedings,Volume2, August1991,pp. 269-274.

7. High Energy Density RechargeableBattery, Preliminary Design Review. Hughes
Aircraft Companybriefing, 27 April 1988.

8. Petri,D.A.; Cataldo,R.L.; and Bozek,J.M.: PowerSystemRequirementsand Definition
for Lunarand MarsOutputs. 25thIECECproceedings,Vol. 1, August1990,p. 18.

9. Withrow,C.A.; et al: SEI Rover Solar-Electrochemical Power System Options. 26th
IECEC, August 1991, p. 319.

10. Marcoux, L.; and Allen, D.M.: Conceptual Design of a Large Spacecraft Power System
Utilizing a Sodium-Sulfur Battery. IECEC'83, Vol. 4, August 1983, p. 1470.

11. Grzyll, L.R.: Investigation of Heat Pipe Working Fluids for Thermal Control of the
Sodium/Sulfur Battery. 26th IECEC proceedings, Vol. 3, p.1390.

12. Kim, N.P.: Personal Communications. Boeing Defense and Space Group, Seattle, WA, 10
September 1991 and 3 October 1991.

Linden, D.: Handbook of Batteries and Fuel Cells. McGraw Hill Book Company, 1984.

Taenaka, R.: Personal Communications. Hughes Aircraft Co., 19 February 1992.

Juhasz, A.J.: An Overview of the LeRC CSTI Thermal Management Program. Paper no.
AIAA-91-3528, AIAA/NASA/OAI Conference on Advanced SEI Technologies, September
4-6, 1991.

13.

14.

15.

E-33





THERMIONICREACTORPOWERSYSTEMTECHNOLOGYROADMAP

APPENDIXF

INTRODUCTION

Space NuclearReactorPowerSystems(SNRPS)are primarilysuitable for application

to satellites with high power requirementsand fixed base high power planetary surface

applicationsand electric propulsion applications. Currently envisioned Mars surface power

systems include power levels of 25 and 75 kWe.

Thermionic reactor systems use a passive power conversion approach to generate

electricity. Typical thermionic power conversion systems include STAR-C (out-of-core TI,

conduction cooled UC2/graphite core), Driver Fuel In-Core Thermionic Fuel Element (TFE),

and the In-Core TFE Heat Pipe Cooled Reactor (Refs. F-1 through F-10).

The thermionic fuel element (TFE) based power systems have the potential to be designed

for use at sufficiently low temperatures such that the reactor structure and containment can be

fabricated entirely from stainless steel. Thus, a thermionic syslem would not need special

protection from the Martian environment as would a higher temperature system using

refractory metals.

CONCEPT DESCRIPTION

Based on its superior mass characteristics, scalability aspects, and the possibility that

it can be operated at a sufficiently low temperature to permit the use of an all stainless steel

external structure the Driver Fuel In-core TFE system was selected as the most likely

candidate for a thermionic planetary surface based power system of less than 100 kWe output.

The Driver Fuel In-core TFE concept couples in-core TFEs with UO 2 driver fuel pins

(where required) for criticality purposes. A pumped liquid metal heat transport loop removes

waste heat from the reactor core. The waste heat is rejected to space by a heat pipe radiator.

Rotating radial reflector drums are used for both control and primary reactor shutdown. In-

core safety rods provide the backup shutdown function. The driver fuel is fully enriched.
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Figure F-1 illustrates the key features of the fast driver fuel in-core TFE system

concept,which is basedon existingor presentlyemergingtechnology. The systemis easily

scalableover the rangeof 10 to 100 kWe. The systemcontainsan in-corethermionicreactor

coupledto a fixed radiatorby a singlepumped,liquidmetalcoolingloop. NaKat a maximum

temperatureof 970 °K is circulated throughthe core by one of two redundant EM pumps

similarin designto thosedevelopedfor SNAP8. A TEMpumpsimilarto the one usedin SNAP

10Aprovidespassivedecayheat removal. A sodiumheatpiperadiatorwasdesignedto reject

wasteheat to space. A redundantpowerprocessingandcontrol(PP&C)system,basedon a 5

yearextrapolationof SpaceStationFreedomtechnology,completesthe majorsubsystemsin the

concept.

The TFE design, also shown in Figure F-l, is based on the UO2 fueled F-series

thermionicconverter. The fast neutronspectrumof this fuel provides scalability to higher

powerlevelswherenodriversareneeded.

The ability to use the same basic reactorconceptover a full rangeof power outputs

reducesthe amountof developmentrequiredand the amountof qualificationtestingrequired. In

thecase of the fast driver concept scaling is accomplished by using the same TFE and driver pin

design and adjusting their quantities within the reactor vessel to meet the required power

output.

F-2



THERMIONIC REACTOR POWER SYSTEM TECHNOLOGY ROADMAP

Radiator

Nuclear
Converlet

Shadow Shutdown Main
Shield Purr

Transmission
Line SpaceFrame

Structure

40 kWe Baseline Power System

90PD-026-00?a

_ _," - _, _ -

ReaL"lor Core L.lyoul

.... 0

FUrL luozi i

IMITT£R DUPLEZ TUIJGSTEk /

1AWTItLUM TUWGSTEk DIFFUSION BOND

FUll r|Ll ItETEId110U DIVI_| _' / COXTIII;,IkSUIJi110k

.......... .£,_._£,!_

I -t!t "

.-_j-, -
1" t ALIf:IIMEET SPtlIIU_'*_ l$%&l,

l ALIGIIM[b? CEA&MI_

I IMITIEK t.,lll all

' 0UIER TUIlt Illll I",_el ' IlIIUSIIIDI_ Pllt[ Ik

'_IIILA¥111" COLLI_'0R #.._S_' IISUI, ATI0k Slit'. SD_'Z0 )

bo'_?D]

Thermionic Cell Assembly

II$$lOll GASTUB[

fISSION GILS PUIdPOUF REFLEL"roII

" / . / 11.31m_

©.,
_TP

"--] : '
ILt_IUt_I .
StlUItt

COUPIIIt,

9:)oD..,0,?.5-090
Thermionic Fuel Element Assembly
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TECHNOLOGY ISSUES

The key issues are summarized in Table F-1.

TABLE F-1. SUMMARY OF KEY ISSUES, IMPACTS AND DEVELOPMENT AREAS

Issues

High development
cost due to safety
assurance program
Safety of nuclear
systems during
operation

!Safety of nuclear
during!systems

launch
TFE lifetime and
performance

C-C heat pipe
Fabricability
Radiation

hardenability
electronic

components

of

Impacts

• Increased life cycle cost

• Increase in system mass for shielding -
may be especially significant if in-situ
materials are not used

•Public pressure may prevent system
from being launched and mission from
not being completed

•Lower emitter temperatures if lifetime
cannot be met and higher system mass

•Higher system mass if must use all-
metal heat pipes

• Heavier shielding mass required if
components cannot be hardened

Potential Development Areas

• Flight demonstration
program

• Use of in-situ materials
for shielding

•PV/RFC power system
•SD power system

•In-reactor TFE and cell
tests (TFE Verification
Program)

•High strength emitter
materials

• C-C metal lined heat pipe
development

• Under development for AF
programs

TECHNOLOGY ASSESSMENT

The technology bases (Refs. F-1

Fuel Driver In-Core TFE assemblies:

through F-7) were assessed for the following major

thermionic power reactor;

• thermionic fuel elements;

• heat rejection subsystem; and

• PP&C subsystem.

The technology readiness of each assembly was evaluated using the NASA technology

readiness levels. These evaluations are summarized in Table F-2 which shows that Fuel Driver

In-Core TFE assemblies have technology readiness levels ranging from 3 to 5. The technology

base for each assembly is briefly discussed in the following sections.
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TABLEF-2.IN-CORETITECHNOLOGYASSESSMENT

Reactor

TFE

Assembly

heat RejectionSubsystem
Electrical

*Metalheat pipe/carbon-carbonheatpipe.

TechnologyReadinessLevel
3

4

4/3*

Comments
No reactor assemblies built;
new military programs due
soon; EM pumps under
development for SP-100;
stainless steel reactor built
for SNAP10program
Extensive data base from
earlier testing; long term
testsnearlycomplete
Currentlyunderdevelopment
Radiation hardenedcompon-
ents

Thermionic Power Reactor State-of-the-Art

The driver fuel TFE reactor has been designed for safety from the ground up and requires

no technology changes over the complete power range from 10 to 100 kWe. The reactor uses the

F series thermionic converter, which has a significant data base from earlier thermionic

programs and permits the reactor to scale from 10 kWe to well beyond the 100 kWe level. The

UO 2 fuel in the TFE and driver pins has a broad technology base from the Liquid Metal Fuel

Breeder Reactor (LMFBR) program and previous TFE test programs (Refs F-6 and F-7).

It is possible to design this reactor to use stainless steel for its containment shell and

piping, thus obviating the need to expose any refractory materials to a planetary atmosphere

such as on Mars. SP-100 control rod and sliding reflector segment control assemblies are

undergoing laboratory testing. These would be used in the design to minimize development costs.

Several basic EM pump design concepts have evolved through the years. Only two designs

are inherently low in weight, the ALIP and the thermoelectric electromagnetic (TEM) pump. A

TEM pump is being developed for the SP-100 program to-pump molten lithium at higher

temperature than this application.

A very substantial liquid metal handling data base exists at the Energy Technology

Engineering Center (ETEC), operated by Rocketdyne for the Department of Energy, which was
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responsiblefor liquid metal testingof manyof the componentdestined for use in the Clinch

RiverBreederReactor.This includedoperationof numerousEM pumps.

An extensivedata base exists for the TFE elementsof the driver fuel TFE reactor,

however,a full-upassemblyof such elementsin a critical assemblyhas not beenbuilt. This

resultsin a NASAtechnologyreadinessratingof 3.0 for this subsystem,which is the sameas

that of the SP-100powerreactor.

Thermionic Power Conversion Unit _'PCU) State-of-the-Art

The thermionic power conversion device is a static converter, requiring no moving

parts. Device efficiency is about double thai of thermoelectrics. The TFE is the key technology

item in the fast driver fuel TFE design concept. The important technology areas include

lhermionic converter performance, cesium vapor management, emitter lifetime and electrical

insulator stability in the 1000 °K temperature regime and fast flux reactor environment.

The F-series converter is particularly suited to this application because it offers the

scalability not available with other thermionic conversion devices. Due to this scalability,

critical technology and experience developed at the lower power applications will be valid for

the higher power versions.

A TFE verification program, currently in progress, builds directly on an extensive data

base developed in the 1960s and early 1970s in an AEC/NASA program. In this program, TFEs

were developed and tested and the processes necessary to fabricate long lived components were

developed. Thermionic converters were operated for more than 40,000 hrs out-of-pile and a

TFE lifetime of 12,000 hrs was demonstrated in-pile.

Fueled emitters were put under test in January 1985 in the TRIGA reactor at General

Atomics (GA) during the SP-100 program, to study emitter distortion. As of June 1989, about

35,000 hours of real time testing had been attained. In addition, insulators and intercalated

cesium graphite reservoirs are under test and the preliminary results have shown good

stability and performance.
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The entire TFE verificationprogram,which will include in-pile testing of complete 6

cell TFEs is scheduled for completion in CY 1994 and is currently on track. These factors lead

to a NASA technology readiness rating of 4.0.

Heat Rejection Subsystem (HRS_ State-of-the-Art

Presently, Rocketdyne division of Rockwell International is involved in the development

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI

(Civilian Space Technology Initiative) program. This program will be completed in January of

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100

radiator. However, this technology will be suitable for other radiator applications as well

including TFE power systems. The hope is that this program will develop generic technology

which can be used for all future space radiators because of its reduced mass compared to metal

heat pipe radiators. Carbon-carbon is a new structural material which requires different

fabrication techniques than for metals or composites. A key objective of this program is to

demonstrate the ability to fabricate C-C heat pipes with a thin metal liner, wicks, caps, and fill

tube. The brazing technique required to attach liners is the same as would be required to attach

manifolds to the heat pipes. Heat pipes filled with potassium will be designed, fabricated, and

tested during this program. Thermal cycle testing will be done in a vacuum to demonstrate the

integrity of the heat pipes.

Beginning in 1989, small samples of heat pipe panels were fabricated by Rocketdyne as

part of the CSTI program. The next phase of the program will involve fabrication and testing of

complete heat pipes. A planned 3.5 year follow-on to this program could involve the

development of a full scale C-C heat pipe radiator panel complete with manifolds and interface

heat exchanger. This effort would be generic in scope and thus not include flight qualification.

It is not clear whether this follow-on would be part of the CSTI program or part of the SP-100

program.
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The currenttechnologylevelof the radiatorsubsystemis estimatedto be about4 for the

metalheatpipe radiatorsand about3 for carbon-carbonheatpipe radiators.

Power Processing and Controls State-of-the-Art

The electronic component technology required for thermionic power processing

equipment is being developed for future nuclear space power system applications under the SP-

100 program. Currently available analytical and design technologies will be used along with

radiation testing. Radiation hardened high reliability Class S parts coupled with component

redundancy, where necessary, will ensure a reliable and low risk power processing and control

system. Rockwell is currently developing the Space Station Power Management and Distribution

System; some of that technology is directly transferable to large thermionic power systems.

The use of multiple buses, components for the switching of loads, and switching of

subassemblies within the power assembly are technologies common to the two programs.

The required technology for the control and data acquisition functions currently exists,

and the technology for autonomous control is under active development for Space Station

Freedom (SSF), ESSA and other space power programs. The need for radiation hardened

components with these capabilities remains to be demonstrated which results in a technology

rating of 4 for this subsystem.

MAJOR DEVELOPMENT TASKS

The technology level of the driver fuel in-core reactor power system components range

from 3 to 5, and therefore development testing is required. The testing currently envisioned is

briefly described in the following sections. Four component development tasks (reactor, power

conversion subsystem, HRS, and PP&C) and three system development tasks (Ground

Engineering System, Qualification Unit, and Flight System) are described.
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Task 1. Th_rmionic Power Reactor Development

Ob!ectives: Complete development and testing of the reactor components so that the final reactor

design can proceed with a high degree of confidence and the ground engineering and flight test

programs can be completed on schedule.

Statement of Work: Develop a fast driver thermionic reactor power subsystem conceptual

design. Develop and test components that support the reactor subsystem preliminary design.

These components would include such items as control rod drivers, reflectors, drum drives,

core assembly, bearings, heat exchangers, EM pumps and expansion compensators.

Task 2. Thermionic PCS Developmenl

Ob!ectives: Complete development of the thermionic fuel element design which will meet the

desired performance and life requirements.

Statement of Work: The components for these devices are currently in an advanced state of

development. The assembly and test of prototype TFEs in a reactor environment. This would

require that the devices currently under test at GA be modified to the exact specification

required for the fast driver fuel TFE device and be tested in a nuclear reactor similar to the

TRIGA reactor.

Task 3. HRS Development

Ob!ectives: Development and demonstration of a small scale radiator panel. Development of full

scale heat pipe radiator and interface heat exchanger.

Statement of Work: The following subtasks are idenlified:

Subtask 3.1 Heat Pipe Demonstration - Various development efforts are required to

bring heat pipe technology to a space qualifiable level. Specific efforts include performance

testing, life testing, and nondestructive evaluation.

For performance testing, representative length heat pipes will be fabricated and tested

to fully characterize the heat pipe performance. Test results will be compared with predicted
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performanceover the anticipatedrangeof operatingconditionsincludingstartup,shutdown,and

restart.

Limited life testing will be performed. These tests will identify deterioration

mechanisms,measuredeteriorationrates, and assessthe adequacyof assemblyand cleaning

procedures. Samples will be withdrawn sequentially throughout the test period, drained,

sectioned,and analyzedfor corrosion,carbondiffusion,brazestability,and any other signsof

deterioration.

In conjunctionwith the performanceand life testingtasks, techniquesfor nondestructive

examination(NDE)of the heatpipeelementsandassemblywill be developedanddemonstrated.

This effortwill assessthe adequacyof linerbondingandweld joints. It will also be determined

if the correct fit-ups and interfaces were obtained in the assembled piece.

Subtask 3.2 Radiator Enhancement - To increase the applicability of the radiator

concept, various enhancement tasks will be performed. These tasks include survivability

options and extended length heat pipes.

Analytical assessment, testing, and enhancemenl design will be done to insure long life

for both lunar and Mars missions. Natural threats to be considered include micrometeoroids and

dust erosion (Mars).

Significant radiator performance improvements can be achieved with the use of longer

heat pipes in some applications. A long heat pipe will be fabricated. Alternate techniques will

be developed for fitting the liner into the tube will be developed. Alternative tube fabrication,

liner fabrication, and coating processes will also be investigated.

Subtask 3.3 Heat Pipe Integralion and Testing - The first step in this task is to develop

and demonstrate techniques for thermal and mechanical bonding of the heat pipe to the radiator

manifold. Subsequently, heat pipe integration into a representative radiator section will be

demonstrated. Testing of the radiator section will be done to provide an accurate overall heat

F-IO



THERMIONICREACTORPOWERSYSTEMTECHNOLOGYROADMAP

transfercoefficient. Systemdynamicsand performancewill also be verified. The demonstrator

will includea surrogatemanifoldsectionand a limitednumberof heat pipes. The assembled

unitwill be testedin a coldwall, vacuumchamber,simulatedspaceenvironment.Thepurposes

of this series of testswill be to validate temperaturedrop predictions,verify manifolddesign,

andassesscomponentinteractions.

Subtask 3.4 HRS Design. Assembly. Fabrication. and Testina - This task will provide a

focus for the other radiator development tasks. This task will involve the detailed design of a

radiator subsystem. Specific design issues will be resolved including the effects of differential

thermal expansion, deployment features, monitoring instrumentation and control equipment,

local insulation, and trace heating of the manifold and piping

A representative full scale heat pipe radiator and interface heat exchanger will be

designed, fabricated, and tested. Testing will include performance, mechanical (stress, shock,

and vibration), thermal cycling, and life tests.

Task 4. PP&C Development

Obiectives: Complete electronic component development. Verify adequate performance and life.

Statement of Work: Breadboard units will be built to demonstrate and check functional

performance of the individual component circuit designs. Design modifications and

improvements will be incorporated into brassboard units, which will be used to verify

functional performance within the constraints of the actual component configuration. Prototype

units will be fabricated and a series of performance tests run using simulated input and output

loads. Controller tests will include validation of operating system software. Tests will include:

• Start up, steady state and transient control;

• failure simulation, failure detection, and switching to a backup circuit;

• effects of temperature extremes and thermal shock;

• shock and vibration;
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• coldplateheatloads;and

• EMIgenerationand susceptibility.

Prototypecable harnessesand a prototypeparasiticload radiatorwill be checkedout

with the electricalcomponentsduringthe systemtest.

Softwarewill be checkedout in conjunctionwith lests of the controller,using simulated

inputsand outputs. Integrationand checkoutof the softwarewill be performedas part of the

systemtest.

Task 5. Ground Engineering System (GES) Testing

Objectives: Complete the ground engineering system design. Verify all performance

characteristics of the unit in conjunction with subjecting the GES to MIL-STD-1540 acceptance

level tests. Verify adequate system life. Take the system technology to level 6 (system

validation model demonstrated in a simulated environment).

Statement of Work: As a cost reduction measure it has been proposed that GES testing be

dispensed with and that space reactor power programs proceed to the flight qualification phase

after the component development needed to support final design has been completed. Acceptance

of this approach by the technical community is not certain as of this writing, therefore, a

discussion of GES testing is included as part of the overall development of a space reactor power

system.

After assembly, the GES will be pressure and leak checked, a complete electrical check-

out will be performed, and all active devices will be checked out.

Performance and thermal vacuum tests will be conducted during a single thermal

vacuum test sequence to demonstrate technical capabilities while minimizing program cost. The

performance evaluation will consist of the following major activities:

• checkout and refine subsystem assembly procedures;

• check out procedures for loading NaK into the system;

verify operation of ground support equipment (GSE) and interfaces between GSE
and the GES;
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checkoutgroundcoolingsystems;

verify start up capability;

verify steadystate performancecharacteristics;

establisheffectiveoperatingrangeof thesystem;

• check out software and verify autonomy (include all operational modes and
simulate failure modes);

• establish system sensitivity to off-normal conditions such as: (1)partial loss of
radiator cooling, (2)varying radiator heat removal profile, (3)partial loss of
electronic radiator cooling, and (4)temporary losses of heat sink with varying
duration; and

° determine magnitude of effecls on spacecraft for: (1)jitter and vibration,
(2)EMI/EMC, (3)thermal radiation to spacecraft, and (4)maneuvering loads.

The MIL-STD-1540 test sequence will integrate acceptance level and design margin

tests as appropriate up to qualification levels, to provide a technically sound, minimum cost

approach.

When the performance, acceptance, and margin tests are complete, the GES will placed

on a multiyear life test. Instrumentation will be used to monitor for degradation of major

assemblies and individual components. The GES will be operated at its nominal operating point,

with expected GES variations in power oulpul and environment.

The GES will be disassembled for examination at lhe end of the life test. Specific areas to

be examined will be determined by an analysis of the health monitoring data and from the

reliability analysis predictions.

Task 6. Qualification Program

Ob!ective_: A comprehensive performance and dynamic testing program for assemblies and the

complete system will provide a formal demonstration that the Driver Fuel In-Core TFE system

will perform as designed after being subjected to simulated launch conditions. A low-risk

approach, incorporating qualification of individual assemblies, followed by qualification of a

complete syslem, termed the qualification unit (QU), characterizes this program. This phase

will take the system technology to level 8 (flight qualified).
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Statement of Work: The required qualification tests for the assemblies of the in-core TI system

are those specified in Section 6.4, "Component Qualification Tests", of MIL-STD-1540B. For

the QU, the required qualification tests are in Section 6.2, "Space Vehicle Qualification Tests",

of MIL-STD-1540B. Qualification will be to launch environmental conditions selected to

envelope the probable intensities developed by various launch scenarios.

The overall approach, starts with qualification of assemblies. Qualified production items

are then fabricated and assembled into the QU which is then qualified by the rules for space

vehicle qualification. This approach minimizes the risk that some assembly of the QU will fail

during the qualification test sequence, thereby nullifying the qualification, and requiring

backtracking to recover from the failure.

Performance testing at each level will be conducted to verify that each item performs as

designed. The qualification item will be similar to the corresponding engineering item and,

therefore, performance testing will be less time consuming.

Dynamic testing will be performed per MIL-STD-1540B, to verify capability of the in-

core TI system to withstand launch loads, including acoustic, pyroshock and vibrational. The

performance and dynamic qualification test sequence for components and assemblies is shown in

Figure F-2. Fabrication, assembly, checkout, and testing of the QU will be similar to the

corresponding operations for the GES and therefore, will benefit from the experience with the

GES. Test facilities for component and assembly qualification testing will be the same as those

for the assembly level testing of the QU test program.

When qualification testing is successfully completed, the QU will be scheduled for life

testing for nominally 1.5 years (optional).

Task 7. Flight System Program

Ob!ectives: Produce, acceptance test, and deliver one or more flight systems.

technology to level 9 (flight proven).
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Statement of Work: In the flight system program, parts will be fabricated, acceptance tested,

and assembled. Systems will be subjected to acceptance testing per MIL-STD-1540B guidelines

before shipment to the launch site. The same test facilities (vacuum chamber, vibration,

acoustic) that were used for the qualification program would be used for flight system

acceptance testing. The flight phase of the program also will include the safety studies and

reports necessary to obtain launch approval.

I FunctionalCheck

Electromagnetic
CompatibilityTest

PressureTest

AcousticLoading
Test FunctionalCheck PyroshockTest

FunctionalCheck
ThermalBalance

Test FunctionalCheck
_ Thermal-VacuumTest

Figure F-2. Thermionic power system QU test sequence (per MIL-STD-1540B).

DEVELOPMENT SCHEDULE

Figure F-3 presents a development schedule for the Fuel Driver In-Core TFE reactor.

The total development time to flight is 8.5 years. Development time is expected to be fairly

short for this concept since this is a relatively simple system (working fluids always liquid;

control done at PP&C; and small radiator) and much of the component technology is state-of-

the-art (i.e., stainless steel materials). Significant development work has been done on the TFE

elements and the Air Force has recently expressed an interest in developing a relatively high

power reactor unit by way of an upcoming RFP.
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The programstarts with a conceptualdesign task followedby preliminarydesign and

concurrentcomponent developmenl of the reactor and heat transport components, thermionic

fuel elements, and electronic assemblies. The detailed design is subsequently completed by the

middle of the third year.

It is expected that the program critical path initially will be through design,

development, and fabrication of the thermionic fuel elements. The first complement of TFEs

must be ready by the middle of the fourth year for assembly in the GES reactor. From there, the

critical path is through the nuclear subsystem, assembly of the qualification system, and finally

the testing of the qualification system.

The GES will be similar to a flight system but will have features such as additional

instrumentation and readily removable components to expedite gathering of engineering data. It

will be tested in a vacuum chamber under normal and off-normal design conditions. After this

phase of testing, it will be put on life test for 3 yrs.

The qualification phase includes design, fabrication, assembly, and qualification testing

of individual components, and a complete system. The design effort will be minimal since it

would involve only minor modifications to the GES design.

The flight phase of the program includes fabrication, assembly, and acceptance testing of

the flight units and the associated safety analysis (including Preliminary Safety Analysis

Review [PSAR], Updated Safety Analysis Review [USAR], and Final Safety Analysis Review

{FSAR]) to obtain launch approval.
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Figure F-3. Fuel driver in-core TFE power system development schedule.
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APPENDIXG

INTRODUCTION

The SP-100programis currentlydevelopinga hightemperaturepowerreactorcoupled

to a thermoelectricgeneratingsystem(Refs.G-1 and G-2). The nominalsystem power level

has been selectedas 100 kWe. This system uses SiGe GaP for the thermoelectricpower

conversion.

Useof the SP-100reactoron the Martiansurfacewouldrequirethat the reactorandany

of the power conversion equipmentfabricated from refractory alloys be isolated from the

Martianenvironment.Also, recenttests indicatedthat the lunar regolithis not compatiblewith

refractoryalloys;consequently,it wouldalso haveto be isolatedfrom the lunar environment.

CONCEPTDESCRIPTION

SP-100is a joint DOD/DOE/NASAprogramto develop,qualifyand flightdemonstratea

spacepowerreactorsystem. Thebasicconfigurationof thesystemcurrentlybeingdevelopedby

the SP-100programis shownin FigureG-1. The reactorprovidesthermalenergyto a lithium

coolant that is pumpedby 12 thermoelectromagnetic(TEM) pump assembliesto an equal

numberof TE converterassemblies.The TE converterassemblies,locatedat the rear of the

conical structure, convert thermal energy to electrical energy. Waste heat from each

ThermoelectricConverter Assembly (TCA) is rejected to a secondary lithium loop which

transportsthewasteheat to heatpipespaceradiatorpanels. Theradiatorpanelsaredeployable

by useof flexiblebellowsin the secondarylithiumlines. Generatedpower is conditionedfor the

user in the powerprocessingmodule,whichestablishesthe primarymechanicaland electrical

interfaceswith the missionpayload.
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Figure G-1. SP-100 TE generic flight system configuration.

Figure G-1 illustrates the SP-100 Generic Flight System (GFS) configuration. The

configuration will require considerable modification for surface applications to provide

containment of the refractory alloy components, provide additional shielding consistent with the

emplacement geometry, and reconfigure the radiator geometry for packaging.

The reactor designed for the SP-100 system is a fast spectrum design with sealed

uranium nitride (UN) fuel pins contained in a single vessel with liquid lithium circulated as the

coolant. The reactor is approximately 0.55 meters in diameter by 0.75 meters high. Twelve

sliding block reflector control segments provide reactivity control through neutron leakage.

PWC-11 refractory metal is used for the reactor fuel pin cladding and for the reactor

structure. Three large safety rods are inserted into the reactor core during launch and ascent

and are extracted only after a nuclear safe orbit is achieved. The reactor is nominally rated at
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2.4 MWt and delivers its thermal energy to liquid lithium at 1350 °K. SP-100 design goals,

requirements, and design features for the generic flight system are shown in Table G-I.

TABLE G-1. SP-100 GENERIC FLIGHT SYSTEM DESIGN GOALS, REQUIREMENTS AND FEATURES

Parameter

Design lifetime

Reliability

Main bus power

Requirement

7 years

0.95

100 kWe

Main bus voltage 200 Vdc

Load following
Shielded diameter at user
interface

Radiation at user interface

Thermal flux at user interface

Solar orientation
Natural radiation and
meteoroids/debris

Rapid T continuous
15.5 m (50 ft)

1.0xl013 n/cm 2

5xl 0s Rad

0.07 W/cm 2

No restrictions
Mass allowance in
baseline for worst
case envelope

Design Feature (s)

• Fuel inventory
•Fissiongas accommodation
•TE conversion flight proven
•Established reactor data base

•Modular design provides scalability
•Option range (28 to 400) readily

provided
•Full shunt

•Larger areas provided at minimum
penalty

•Reactor shield assembly

•Meets specified requirement
(0.14 W/cm 2)

• Easily moderated by boom length
• Full sun design for radiator
•Meteoroid armor radiator shields

The flight system radiation shield is mounted directly behind the reactor and consists of

both gamma and neutron shield segments. The gamma shield consists of depleted uranium. The

neutron shield is made up of a series of axial lithium hydride sections with intervening thermal

conductors that carry the gamma and neutron generated heat to the shield's radial surface where

it is radiated to space. Shielding for planetary applications may be configured to maximize the

use of indigenous materials. Alternatively, where deployment time and effort must be

minimized, a 4]'[ shield configuration could be included with the reactor system design.

Thermal transport is accomplished by liquid lithium that is pumped by 12

thermoelectric driven electromagnetic pumps. The TEs for the pumps are powered by the

temperature differential between the working fluids in the primary and secondary loops. This

approach ensures pumping of the working fluid as long as the reactor is at an operating
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temperature higher than the heat rejection loop. It also facilitates cooldown of the reactor with

removal of decay heat when electrical power to the payload is no longer required. A pair of

supply and return lines feed the liquid lithium to the 6 thermopile heat exchangers located in

each Power Conversion Assembly (PCA). The supply and return lines are connected to common

headers located within the reactor subsystem. The TEM pumps are located between the PCA and

the common return header to the reactor vessel as shown in Figure G-2. The secondary lithium

lines provide cooling to the power conversion assemblies and the TEM pumps while transporting

the waste heat to a liquid manifold located on the centerline of each of the 12 radiator panels.

The lithium is in a frozen condition until system startup. Thawout of the lithium for lunar

surface application is accomplished using electrical trace heaters.

Deployable RadiatorPanel-_ / ../

./

_- Gas Separalor/Accumulalor

\
792 K

f
Return to Reaclor

\
s

/

TEM Pump

0.49 kg/s
\

'k... Power Converter Assembly

Figure G-2. Radiator interface with heat transport piping.
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Figure G-3 illustrates the detail design of the SP-100 TE. cell. Each cell consists of 24

thermocouples electrically arranged with four rows or strings of six couples each. The "N" and

"P" TE legs are connected at the hot and cold ends by electrical straps to form the series

electrical arrangement. The electrical straps extend laterally to intertie the four strings

electrically in parallel. This results in an electrical intertie at every half couple. Terminals at

each end of the cell provide the series connections to adjacent cells. Low voltage electrical

insulators provide insulation for the 1.0 volt potential within the cell outboard of the electrical

straps. The compliant pads are outboard of these insulators and are used for differential

thermal expansion. Finally, outboard of the pads, 100 volt insulators are used to insulate the

cells from the heat source and the radiator subsystems.

POWER
CONVERTER
ASSEMBLY

(720 TE

CELLS)

]-
1.3_

..o.vo.T.oE..su .To,

__ HIGH VOLTAGE INSULATOR

Figure G-3. Thermoelectric cell design.

The radiator panels use heat pipes to transport heat from the liquid lithium secondary

manifolds along the length of the panel. The current design approach uses a carbon-carbon heat
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pipe radiator panel with potassium as the working fluid and a thin metal niobium liner to

prevent contact between the potassium and the carbon-carbon structure.

The power conditioning electronics and shunt dissipators are located on a remote power

processing module that remains attached to the payload after the boom is deployed. The shunt

regulator provides +/-2% voltage tolerance on a nominal 200 Vdc output and is capable of load

following without restriction as long as loads do not exceed the power generation level

capability. The remote location provides several distinct advantages. It allows state of the art

electronics to be used with standard materials of construction. If located near the reactor, the

electronics would be required to operate in relatively intense nuclear and thermal radiation

fields.

I q

t

KEY ISSUES

The key issues for the SP-100 GFS are summarized in Table G-2.

TABLE G-2. SUMMARY OF KEY ISSUES AND IMPACTS

Issues I

High development
cost and risk

Safety of nuclear
systems during
operation
Low PCA efficiency
compared to other
PCA options
Limited TE system
power level

Impacts
• Increased life cycle cost and schedule
•Heavier system specific mass
• Increase in system mass for shielding -

may be especially significant if in-situ
materials are not used

• Increased launch mass and costs

IPotential Development Areas

•Accelerated (high-risk)
development program

• Use of in-situ materials
for shielding

• Dynamic SP-100 or in-
core TI reactor system

•May require multiple systems
increases installation effort and time

•New development program to develop
higher power systems would be costly

•Parallel development of
dynamic SP-100 power
system designs
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TEC_Y ASSESSMENT

The technology bases were assessed for the following major SP-100 assemblies:

• SP-100 space power reactor and primary loop;

• thermoelectric power conversion;

• heat rejection subsystem; and

• power processing and control.

The technology readiness of each assembly was evaluated using the NASA technology

readiness levels (1-9). These evaluations are summarized in Table G-3 which shows that SP-

100 assemblies have technology readiness levels ranging from 3 to 4. The technology base for

each assembly is briefly discussed in the following sections and summarized in Figure G-4.

TABLE G-3. SP-100 TECHNOLOGY ASSESSMENT

Assembly

SP-IO0 Reactor and Primary
Loop
Thermoelectric Power
Conversion

Heat Rejection Subsystem
Power Processing and Control

*All-metal heat pipelcarbon-cl

Technology Readiness Level

3

4/3"
4

krbon heat pipe.

I Comments

Currently funded development
program
Good progress in development
program
Currently under development
Radiation hardened electronics

SP-IO0 Soace Reactor and Primary_ Loo D State-of-the-Art

The SP-IO0 power reactor is actively being developed by the General Electric

Corporation under a joint DOD/DOE/NASA contract. Considerable progress has been made in the

development with the expenditures of more than $420M to date.

A fuel pin irradiation testing program has demonstrated the capability of the generic

flight system fuel pin to meet performance requirements that call for full power operation to

about 6.0 atom percent burnup for seven years. Irradiation tests have included UN fuel pins

with Nb-lZr cladding and tungsten or rhenium liners, rhenium liners bonded to Nb-lZr

cladding, and rhenium cladding. The accelerated tests (fluences and burnup levels are achieved
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Fuel Pins

76 UN fueled pins with Nb-lZr/rhenium
cladding have been in-reactor tested to full
burn-up with no failures. The
manufacturing processes are qualified and
technology readiness has been achieved.

Nb-lZr and PWC-11 refractory metal
mechanical properties tests and irradiation
experiments provide high confidence in
meeting all requirements for full ten year
life.

Thermoelectrics

2nd generation TE cell ingradient tests
produced 8.7 watts. Full power, with SiGe
cells, is expected in next generation tests.
High-voltage insulator and compliant pad
tests, conducted under prototypic
conditions, provide high confidence in
meeting all requirements.

Figure G-4. SP-100 hardware development.
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Control Systems

Prototypic first generation control
components (clutches, motors, brakes,
bearings and coatings) have been developed
and tested in high temperature high vacuum
environments. Feasibility has been
demonstrated.

Multiplexer Radiation Test Specimen-_

Radiation Hard Electronics

Feasibility has been established through
testing of electronic parts required for
signal multiplexing in a high gamma and
neutron environment. End-to-end signal
verification of special sensors, such as the
Johnson Noise Temperature Sensor, has
been achieved.

Refractory Fabrication

Fabrication procedures and specifications
are qualified including welding, EDM
machining, bonding and cold forging.
Compatibility of Nb-1Zr/- PWC- 1 1
welding and bonding has been demonstrated
by over 2000 hours of testing at 1350 °K.

Figure G-4. SP-100 hardware development (continued).
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t:tP.aI2Jlz 

Nb-lZr, titanium and stainless steel foil
wick heat pipes with potassium working
fluid, have been tested for over 7500
hours at 885 °K. Repeated restart
capability has been demonstrated.

_omDonent Testina

Control drives, TEM pump and electronic
components have been under feasibility and
prototypic environmental testing. A
component test loop is being constructed
for flight prototypic testing in lithium at
1400 °K. Testing of TEM pumps, TE
converter assemblies and radiator panel
segments will be conducted to demonstrate
technology readiness.

Figure G°4 SP-100 hardware development (completed).

information required for

Extended life testing is not

in a fraction of the actual service durations) will provide the

formulating the analytical models and validating the fuel pin design.

planned.

Nuclear assembly fabrication development was investigated and a process to extrude

nozzles in the inlet/outlet nozzle course portion of the reactor vessel. A demonstration nozzle

has been formed to the correct dimensions by the extrusion process at room temperature.
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Nb-lZr weld specimens have been exposed to lithium to evaluate the effect of welding

atmosphere purity and post weld heat treatment on the sensitivity to lithium attack at grain

boundaries. Results of the tests indicate that the welds containing bulk oxygen contents greater

than 176 ppm experienced lithium attack at the Nb-lZr grain boundaries. No attack was

observed for bulk oxygen levels less than 140 ppm. The results of this work indicate that if low

oxygen levels are maintained during welding, the potential for lithium attack is essentially

eliminated.

Nondestructive examination methods continued to be developed and improved with most

efforts being concentrated on support of the barrier fuel program. Production techniques for

nondestructive testing of bonded fuel tubes were developed. A microfocus rod anode X-ray

system was used in conjunction with ultrasonic testing to evaluate the detection of defects in

various weld configurations.

A reactor flow test was completed including test article fabrication, test planning, and

the completion of a comprehensive series of tests. Results of the test program provide

important fuel assembly hydraulic design correlations as well as a validated orifice sizing

procedure. TEM pump electromagnetic tests are being performed to verify magnetic circuit

performance predictions. A test loop is being constructed for primary loop component

prototypic testing in lithium at 1400 °K. The technology readiness level of the SP-100 reactor

assembly and primary lithium loop components is judged to be at level 3. Sufficient background

work has been done to enable the fabrication and testing of a breadboard model to be started.

Thermoelectric Power Conversion Device State-of-the-Art

A first generation TE cell (PD-1) has been fabricated and tested. This cell incorporated

the key features of the prototypic design (high voltage insulator, compliant pad, TE module, and

module glass) but was limited in power output by several features which resulted from the state

of the technology at the time. Most notable of these features were: (1) the incorporation of

graphite layers between the compliant pads and the TE module for the purpose of compensating
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for a coefficient of thermal expansion (CTE) mismatch between those parts; (2) and the

limitation of the maximum hot side temperature due to the use of copper braze which was used

since the high temperature braze had not yet been fully developed. These features limited the

expected output power to approximately 5 watts. This power level compares to an expected 11

watts for a prototypic cell using SiGe TIE legs and 13 watts for one using SiGe/GaP TE legs. The

test did demonstrate the ability to predict the cell performance as a function of cell

configuration and test conditions. It was the first demonstration that the SP-100 conductively

coupled, multicouple cell concept would work under in-service conditions using the enabling

features of the high voltage insulator and the compliant pad.

Tests have recently been completed on a second generation cell. Designated PD-2, the

design eliminates the graphite layers and low temperature braze features of the PD-1 design to

more closely approach the prototypical design. The PD-2A cell yielded 8.7 watts. Figure G-5

summarizes the thermoelectric multicell development effort under the SP-100 program to

date.

In addition to the development of TE cells, significant accomplishments have been made in

the development of single crystal alumina high voltage insulators, tungsten/graphite compliant

pads, and electrodes. These factors contribute to the TE cell technology level rating of 3.

Heat Reiection Subsystem fHRS! State-of-the-Art

Heat rejection loop components operate at less than 900 °K and thus, there are no major

materials problems with this subsystem. Radiator manifold liquid-metal thaw experiments

have indicated that the GE manifold design using bleed holes to promote progressive melting of

the frozen metal coolant within the manifold may be feasible.
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Figure G-5. SP-100 conductively coupled multicouple evolution.

Development of the GE heat pipe radiator/manifold assembly design, which uses a

titanium lined beryllium structure with potassium as the heat pipe working fluid, has been

delayed in order to permit more resources to be devoted to reactor development and in

anticipation of the successful development of a carbon-carbon configuration. A program to

develop advanced radiator concepts for SP-100 power systems was initiated by NASA-LeRC in

1987. To meet the SP-100 requirements, while minimized mass, a carbon-carbon heat pipe

radiator concept was selected.
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The "SP-100 Advanced Radiator Concepts" program, which started in 1987 as part of

the CSTI (Civilian Space Technology Initiative) program, will be completed in January of 1993.

This program involves development of a C-C heat pipe suitable for use in an SP-100 radiator

assembly. However, this technology will be suitable for other radiator applications as well

including other nuclear and non-nuclear power systems. This program will develop generic

technology which can be used for all future space radiators because of its reduced mass

compared to metal heat pipe radiators. Carbon-carbon is a new structural material which

requires different fabrication techniques than for metals or composites. A key objective of this

program is to demonstrate the ability to fabricate C-C heat pipes with a thin metal liner, wicks,

caps, and fill tube. The brazing technique required to attach liners is the same as would be

required to attach manifolds to the heat pipes. Heat pipes filled with potassium will be designed,

fabricated, and tested during this program. Thermal cycle testing will be done in a vacuum to

demonstrate the integrity of the heat pipes. No mechanical testing for stress or shock are

planned.

The current technology level of the radiator subsystem is estimated to be about 4 for the

all-metal heat pipe radiators and about 3 for carbon-carbon heat pipe radiators.

Power Processing and Controls IPP&C_ State-of-the-Art

The electronic component technology required for the SP-IO0 power processing

equipment is being developed for future power system applications under the SP-IO0 program.

Currently available analytical and design technologies will be used along with radiation hardness

testing. Radiation hardened high reliability Class S parts will ensure that a reliable and low

risk power processing and control system is provided. Rockwell is currently developing the

Space Station Freedom (SSF) Electrical Power Subsystem; some of this technology is directly

transferable to SP-IO0 lunar and Mars surface power systems concepts. The use of multiple

buses, components for the switching of loads, and switching of subassemblies within the power

assembly are technologies common to the two programs.
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Several active efforts are underway to develop expert system techniques for real-time

control applications. These include a design for the evaluation of Space Shuttle Main Engine

(SSME) performance, sensors and data processing for fault detection, and the electrical load

power allocations in the SSF electrical power subsystem. The algorithms for power scheduling

and balancing on the space station are in development. Expert system software for the SSF

electrical power subsystem is being developed using the ADA environment. This work includes

implementing and evaluating an ADA based inference engine, which will enable an expert system

to run on standard microprocessors for SSF applications.

The required technology for the control and data acquisition functions currently exists,

and the technology for autonomous control is under active development for Space Station

Freedom (SSF), ESSA and other space power programs. The need for radiation hardened

components with these capabilities remains to be demonstrated, which results in a technology

rating of 4.0 for the PP&C subsystem.

MAJOR DEVELOPMENT TASKS

The technology level of

development testing is required.

following sections.

SP-100 components range from 3 to 4, and therefore

The testing currently envisioned is briefly described in the

Task 1. SP-100 Space Power Reactor DeveloDment

Ob!ectives: Complete development testing of the reactor components so that the final reactor

design can proceed with a high degree of confidence and allow the ground engineering and flight

test programs can be completed on schedule.

Statement of Work: Complete additional test and evaluation efforts to verify the utility of

several mass reduction design features which include the safety rods, the aft axial reflector, the

sliding radial reflector control, the hemispherical reactor vessel head, the in-vessel thaw

accumulator, and materials changes in the shield vessel. Other development areas include the
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verification of the reactor design; completion of the fuel pin irradiation test program,

fabrication methods development, NDE development, multiplexer development, temperature

sensor development, pressure sensor development, materials of construction development,

verification of control drive assembly design, and the development of tribological coatings.

Develop the thermoelectric electromagnetic (TEM) pump power supply and demonstrate the

feasibility of the pump design in a 1400 °K lithium environment.

Task 2. Thermoelectric Power Conversion Device Development

_: Complete development of TE power conversion devices with improved performance.

Statement of Work: Additional development efforts in the areas of cell technology development

and life verification will continue. Continued development is required in the high voltage

insulator, compliant pad, and electrode development areas. Accelerated life testing of

molybdenum barrier equipped insulators is being conducted. The development of a tungsten-

graphite bilayer electrode for use in the third generation cell is continuing. Significant

development work is currently being concentrated on the thermal conductivity reduction in fine

particulate p-type SiGe material. Increases in performance of the thermoelectric conversion

material of 30 to 40 % have been predicted if the thermal conductivity can be reduced by

adding several volume percent of 50 angstrom particles to the materials matrix.

Additional development effort is needed in the areas of SiGe/UT87 bonds. Also effort is

required to find a graphite material that has better strength than UT87. Materials with a finer

grain size or possibly the use of carbon-carbon composites would be appropriate. Compliant

pad materials development also requires additional development effort. Near term efforts will

be directed toward the development of more flexible materials which do not diffusion bond and

lose their flexibility.
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Task 3. HRS Development

Ob!ectives: Develop and test a small scale radiator panel. Develop and test a full scale heat pipe

radiator/interface heat exchanger assembly.

Statement of Work: The following subtasks are identified:

Subtask 3.1 Heat Pipe Demonstration - Various development efforts are required to

bring heat pipe technology to a space qualifiable level. This effort is assumed to be a follow-on

to the Rocketdyne "SP-100 Advanced Radiator Concepts" contract. Specific efforts include

performance testing, life testing, and nondestructive evaluation.

For performance testing, representative length heat pipes will be fabricated and tested

to fully characterize heat pipe performance. Test results will be compared with predicted

performance over the anticipated range of operating conditions including startup, shutdown, and

restart.

Limited life testing will be performed. These tests will identify deterioration

mechanisms, measure deterioration rates, and assess the adequacy of assembly and cleaning

procedures. Samples will be withdrawn sequentially throughout the test period, drained,

sectioned, and analyzed for corrosion, carbon diffusion, braze stability, and any other signs of

deterioration.

In conjunction with the performance and life testing tasks, techniques for nondestructive

examination (NDE) of the heat pipe elements and assembly will be developed and demonstrated.

This effort will assess the adequacy of liner bonding and weld joints. It will also be determined

if the correct fit-ups and interfaces were obtained in the assembled piece.

Subtask 3.2 Radiator Enhancement - To increase the applicability of the radiator

concept, various enhancement tasks will be performed. These tasks include survivability

options and extended length heat pipes.

Analytical assessment, testing, and enhancement design will be done to insure long life

for both lunar and Mars missions. Natural threats to be considered include micrometeoroids and

dust erosion (Mars).
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Significant radiator performance improvements can be achieved with the use of longer

heat pipes in some applications. A long heat pipe will be fabricated. Alternate techniques will

be developed for fitting the liner into the tube will be developed. Alternative tube fabrication,

liner fabrication, and coating processes will also be investigated.

Subtask 3.3 Heat PiPe Inte0ration and Testina - The first step in this task is to develop

and demonstrate techniques for thermal and mechanical bonding of the heat pipe to the radiator

manifold. Subsequently, heat pipe integration into a representative radiator section will be

demonstrated. Testing of the radiator section will be done to provide an accurate overall heat

transfer coefficient. System dynamics and performance will also be verified. The demonstrator

will include a surrogate manifold section and a limited number of heat pipes. The assembled

unit will be tested in a cold wall, vacuum chamber, simulated space environment. The purposes

of this series of tests will be to validate temperature drop predictions, verify manifold design,

and assess component interactions.

Subtask 3.4 HRS Desion. Assembly. Fabrication. and Testina - This task will provide a

focus for the other radiator development tasks. This task will involve the detailed design of a

radiator system. Specific design issues will be resolved including the effects of differential

thermal expansion, deployment features, monitoring instrumentation and control equipment,

local insulation, and trace heating of the manifold and piping.

A representative full scale heat pipe radiator and interface heat exchanger will be

designed, fabricated, and tested. Testing will include performance, mechanical (stress, shock,

and vibration), thermal cycling, and life tests.

Task 4. Power Processing and Controls DeveloDment

_: Complete development of radiation hardened components.

performance and life.

Statement of Work:

performance of the

Verify adequate

Breadboard units will be built to demonstrate and check functional

individual component circuit designs. Design modifications and
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improvements will be incorporated into brassboard units, which will be used to verify

functional performance within the constraints of the actual component configuration. Prototype

units will be fabricated and a series of performance tests run using simulated input and output

loads. Controller tests will include validation of operating system software. Tests will include:

• Start up, steady state and transient control;

• failure simulation and detection and switching;

• effects of temperature extremes and thermal shock;

• shock and vibration;

• cold plate heat loads; and

• EMI generation and susceptibility.

Prototype cable harnesses and a prototype parasitic load radiator will be checked out

with the electrical components during the system test.

Software will be checked out in conjunction with tests of the controller, using simulated

inputs and outputs. Integration and checkout of the software will be performed as part of the

system test.

Task 5. Ground Engineering System (GES_ Testing

Obiectives: Complete the system design. Verify all performance characteristics of the unit in

conjunction with subjecting the GES to MIL-STD-1540 acceptance level tests. Take the system

technology readiness to a level of 6 (system validation model demonstrated in a simulated

environment).

Statement of Work: As a cost reduction measure it has been proposed that GES testing be

dispensed with and that space reactor power programs proceed to the flight qualification phase

after the component development needed to support final design has been completed. Since

acceptance of this approach by the technical community is not certain as of this writing, a
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discussion of GES testing is included as part of the overall development of a space reactor power

system.

After assembly, the GES will be pressure and leak checked, as appropriate, a complete

electrical check-out will be performed, and all active devices will be checked out to the extent

possible.

Performance and thermal vacuum tests will be conducted during a single thermal

vacuum test sequence to demonstrate technical capabilities while minimizing program cost. The

performance evaluation will consist of the following major activities:

Check out and refine subsystem assembly procedures;

check out procedures for loading coolant into the reactor coolant loop;

verify operation of ground support equipment (GSE) and interfaces between GSE and the
GES;

check out ground cooling systems as required;

verify start up capability;

verify steady state performance characteristics;

establish effective operating range of the system;

check out software and verify autonomy (include all operational modes and simulate
failure modes);

establish system sensitivity to off-normal conditions such as: (1) partial loss of
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of
electronic cooling, and (4) temporary losses of heat sink with varying duration; and

The MIL-STD-1540 test sequence will integrate acceptance level and design margin

tests as appropriate up to qualification levels, to provide a technically sound, minimum cost

approach.

When the performance, acceptance, and margin tests are complete, the GES will be

refurbished and will be disassembled for Post Irradiation Examination (PIE).
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Task 6. Qualification Proaram

Ob!ectives: A comprehensive performance and dynamic testing program for assemblies and the

complete system will provide a formal demonstration that the SP-100 system will perform as

designed after being subjected to simulated launch conditions. Minimize risk by first qualifying

individual assemblies and then qualifying a complete system, termed the qualification unit (QU)o

Take the system technology readiness from a level of 6 to a level of 8 (flight-qualified system).

Statement of Work: The required qualification tests for the assemblies of the SP-100 system

are those specified in Section 6.4, "Component Qualification Tests", of MIL-STD-1540B. For

the QU, the required qualification tests are in Section 6.2, "Space Vehicle Qualification Tests",

of MIL-STD-1540B. Qualification will be to launch environmental conditions selected to

envelope the probable intensities developed by various launch scenarios.

The overall approach, starts with qualification of assemblies. Qualified production items

are then fabricated and assembled into the QU which is then qualified by the rules for space

vehicle qualification. This approach minimizes the risk that some assembly of the QU will fail

during the qualification test sequence, thereby nullifying the qualification, and requiring

backtracking to recover from the failure.

Performance testing at each level will be conducted to verify that each item performs as

designed. The qualification item will be similar to the corresponding engineering item and,

therefore, performance testing will be less time consuming.

Dynamic testing will be performed per MIL-STD-1540B, to verify capability of the

SP-100 system to withstand launch loads, including acoustic, pyroshock and vibrational.

The performance and dynamic qualification test sequence for components and assemblies

is shown in Figure G-6. Fabrication, assembly, checkout, and testing of the QU will be similar

to the corresponding operations for the GES and therefore, will benefit from the experience with

the GES. Test facilities for component and assembly qualification testing will be the same as

those for the assembly level testing of the QU test program. Various component and breadboard

subsystems may be demonstrated in space for additional validation.
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Figure G-6. QU test sequence (per MIL-STD-1540B).
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Task 7. Flight System Program

Ob!ectives: Produce, acceptance test, deliver, and launch one or more flight systems. Show

successful performance for actual application in space. Take the system from a technology

readiness level of 8 to a level of 9 (flight-proven system).

Statement of Work: In the flight system programs, parts will be fabricated, acceptance tested,

and assembled. Systems will be subjected to acceptance testing per MIL-STD-1540B guidelines

before shipment to the launch site. Many of the same test facilities (thermo-vacuum chamber,

vibration, acoustic) that were used for the qualification program would be used for flight

system acceptance testing. The flight phase of the program also will include the safety studies

and reports necessary to obtain launch approval.

DEVELOPMENT SCHEDULE

The SP-100 program is currently funded but has been experiencing year by year

funding reductions that are resulting in significant schedule slippage. Resolution of the funding
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question will become more apparent with the identification of a specific mission. No mission

has been identified to date. A significant amount of development work has been accomplished and

the program will probably be ready to start preliminary design with another 3-4 years of

component development effort.

Figure G-7 presents a development schedule for the SP-100 TE generic flight system

(additional effort would be required to modify the design for compatibility with a Martian

environment). The program starts with a conceptual system design task followed by

preliminary system design. Concurrently with the system design, the reactor, power

conversion unit, heat rejection subsystem, and power processing and control components will

be developed. The preliminary system design is complete by the middle of the seventh year. The

detailed system design is subsequently completed by the middle of the eighth year.

Fabrication of components for ground testing for the GES starts with the development and

testing of component hardware. The procurement of long lead materials and equipment in the

first part of the fourth year leads to assembly of the system in the last half of the eighth year.

The GES will be similar to a flight system but will have features such as additional

instrumentation to expedite gathering of engineering data and to permit PIE of components. It

will be tested in a vacuum chamber under normal and off-normal design conditions. After this

phase of testing, it will be partially disassembled and examined.

The qualification phase includes design, fabrication, assembly, and qualification testing

of individual components, and a complete system. The design effort will be minimal since it

would involve only minor modifications to the GES design.

The flight phase of the program includes fabrication, assembly, and acceptance testing of

the flight units and the associated safety analysis to obtain launch approval.
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FigureG-7.SP-100TE genericflight system development schedule.
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APPENDIX H

INTRODUCTION

Space Nuclear Reactor Power Systems (SNRPS) are primarily suitable for application

to satellites with high power requirements and fixed base high power planetary surface

applications. Currently envisioned systems include power levels of 25 and 75 kWe for use on

the surface of Mars and 100 and 550 kWe units for use on the Moon.

The SNRPS units can be integrated with dynamic or static power conversion systems to

provide electric power. The SP-100 program is currently developing a high temperature

power reactor coupled to a thermoelectric (TE) generating system. The nominal system power

level has been selected as 100 kWe. This system makes extensive use of refractory materials

and could used on the lunar surface.

It was assumed that an advanced SNRPS using a dynamic power conversion system would

be developed following developmenl of the SP-100 TE power system (some lime after the

completion of testing of the Ground Engineering System). The electrical power output of the

basic reactor can be significantly enhanced by the use of dynamic power conversion

technologies. Dynamic power systems concepts include Closed Brayton Cycles (CBC), Stirling

Cycles (SC), and Potassium Rankine Cycles (PRC) integrated in various ways with the nuclear

power source. Recent studies have shown that electrical power outputs of over 550 kWe can be

obtained by the use of CBC, SC or PRC power conversion equipment with the SP-100 reactor.

Use of the SP-100 reactor on the Martian surface would require that the reactor and any

of the power conversion equipment fabricated from refractory alloys be isolated from the

Martian environment.
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CONCEPTDESCRIPTION

The SP-100 reactor is coupled to a dynamic power conversion system and the resultant

power output attainable is increased to about 550 kWe. This increase is due to the greater

power conversion efficiency of the dynamic systems.

For each power system case, a common set of ground rules and assumptions has been

used for lunar application. These include the following:

• An intermediate heat exchanger is incorporated in all designs to isolate the
primary reactor coolant (lithium) from a secondary loop that contained the cycle
working fluid (will facilitate maintenance including removal and replacement of
the power conversion units);

• auxiliary power is available for thaw and startup;

• a vacuum/guard vessel is provided as part of the system;

• a passive cooling system transports waste heat from all sources to the planetary
or lunar surface, where the heat is rejected to space by a radiator;

• a free convection loop is provided to remove decay heat if required;

• an expansion tank with a free surface is provided to accommodate both lithium
expansion and helium gas generation in the reactor;

• all power conversion equipment, reactor control actuators and heat rejection
equipment is located at grade level to provide for maintainability; and

• a voltage output of 1000 Vac or dc.

The reactor designed for the SP-100 system is a fast spectrum design with sealed

uranium nitride (UN) fuel pins contained in a single vessel with liquid lithium circulated as the

coolant. The reactor is approximately 0.55 meters in diameter by 0.75 meters high. Twelve

sliding blocks in the radial reflector assembly open to allow neutron leakage from the core,

which provides reactivity control. PWC-11 refractory metal is used for the reactor fuel pin

cladding and for the reactor structure. Three safety rods are inserted into the reactor core

during launch and ascent and are extracted only after a nuclear safe orbit is achieved. The

reactor is nominally rated at 2.4 MWt and delivers its thermal energy to liquid lithium at

1350°K.
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Shielding for planetary applications may be configured to maximize the use of indigenous

materials. Alternatively, where deployment time and effort must be minimized, a 41-1 shield

would be integral with the reactor system.

The flow schematic and nominal operating state points for the Brayton system are shown

in Figure H-1. A single lithium primary loop transports heat from the reactor to the primary

heat exchanger. The Brayton cycle uses a helium-xenon gas mixture for the working fluid. Heat

is rejected from the cycle through a NaK heat rejection loop. Each Brayton loop is cross coupled

to each of the four radiator panels so that if a power conversion system failure occurs there is

no loss of radiator area. The NaK loop is also used to cool the alternator. The Brayton turbine

uses a single stage radial inflow design and the compressor uses a single-stage radial outflow

design. The turbine wheel, alternator and compressor are all mounted on a single shaft. Both

the journal and thrust bearings use compliant pad gas lubricated foil bearings. Gross cycle

efficiency for the Brayton unit was estimated at 25.7%.

The Free-Piston Stirling Engine (FPSE) is a thermally driven mechanical oscillator

operating on a Stirling engine cycle which derives power from the heat flow between a heat

source and a sink. The desired displacer motion in the FPSE is produced by gas forces rather

than kinematic linkages. This engine operates at the highest overall device efficiency of all

known heat engines. In addition, the FPSE is uniquely suited to driving direct coupled

reciprocating loads, such as linear alternators, in a hermetically sealed configuration and

without the need for high pressure shaft seals or contaminating lubricants.

The flow schematic and nominal operating state points for the Stirling system are shown

in Figure H-2. A primary and secondary lithium loop are used to transport heat to the Sliding

engine heater. Helium is used for the working fluid for the Stirling cycle. Heat is rejected from

the Stirling cooler through a NaK heat rejection loop, which is also used to cool the alternator.

As with the Brayton system, the heat rejection loops are cross coupled to each radiator panel.

The Stirling engine used in this application is an opposed piston design which is selected for its

minimal vibration characteristics. The gross cycle efficiency for the Stirling is 33.0%.
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Figure H-1. 550 kWe Brayton cycle power system schematic.

Figure H-2. 550 kWe Stirling cycle power system schematic.
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Theflowschematicand nominaloperatingstatepointsfor the potassiumRankinesystem

are shownin Figure H-3. The powersystemcontains a lithium cooledprimary loop and a

potassiumpower conversionloop. The primary heat transport loop includes the reactor,

potassium boiler, EM-pump, expansion tank, flow control venturi, decay heat removal

system,andinterconnectingpiping. All primaryloop componentsare electricallytrace heated

to provide for controlled lithium thaw during start-up. The boiler supplies dry saturated

potassiumvapor to the turbines. The powerconversionunit consistsof a turbine, alternator

andboilerfeed pumpmountedon a commonshaft. Moistureseparatorsareusedin the turbine

to maintainvapor qualityabove89% to minimizeturbineerosion. A salient pole alternatoris

usedto minimizemass. The heat rejectionsubsystemis madeup of the maincycle radiatoras

well as an auxiliaryradiator for alternatorand bearingcoolant. The jet condenserdiverts a

majorportionof the potassiumfeed from the feed pumpoutlet to the main radiatormanifolds

then back to the jet condenserwhere it is injected. The low pressure turbine exhaust is

condensedby the injectedliquid potassiumand all liquid is collectedat the condenserthroat.
Auxiliary

Cycle efficiency is about 23.3%. I ii" Radiator
_ , =r- . I I Je, I

Heat |

EM E,pan,,o° " Jill
Pump Tank _

Figure H-3.
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Rankine cycle power system ;chematic.
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The overall deployed arrangements for the 550 kWe lunar surface Stirling, Brayton,

and potassium Rankine systems are shown in Figure H-4. The radiators are arranged in a

vertical cruciform configuration with the cooling headers located at the bottom of the radiator

panels. Because of the small radiator required for the potassium Rankine system, a cruciform

configuration was not required. Vertical reflux condenser tubes are connected to the header and

reject the waste heat to space. The guard vessel radiators are located between the main radiator

panels.

Figure H-4. 550 kWe lunar surface power system configurations.
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In each case the entire primary loop is contained within a stainless steel guard vessel.

The vessel is closely fitted to the reactor in order to prevent uncovering of the reactor should a

breach in the lithium primary loop occur. The vessel is borated in the vicinity of the reactor to

minimize the effect on reactor control from back scattered neutrons. The guard vessel is

passively cooled by reflux condenser pipes bonded to the outer surface. Heat generated in the

vessel is dissipated in a separate radiator located above grade.

In the case of a buried reactor, a regolith shield is located between the primary loop

equipment gallery and the power conversion equipment• The shield tank is filled with the local

regolith during installation and functions as a shutdown shield. A typical buried power system

installation is shown in Figure H-5. The power system is placed in an excavated pit and then

back filled. The regolith shield tank is filled with regolith and vibration compacted. The

radiator panels are extended and electrical connections are made before the system is ready for

startup.

5953-12

Figure H-5. - Buried 550 kWe lunar surface power system installation•
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Thermaltransport(from the reactorto the PowerConversionUnit [PCU] and from the

PCUto the radiator)is accomplishedby liquidmetalcoolantthat is pumpedby electromagnetic

(EM) pumps. A pair of supplyand return lines feed the liquid to thermopileheat exchanger

locatedin each PCU. The supplyand returnlinesare connectedto commonsupplyand return

headerslocatedwithin the reactorsubsystem. The EM pump is locatedbetweenthe common

returnheaderand the reactor vessel. The liquid metal is in a frozencondition until system

startup. Thawoutof the frozen lithiumlines is accomplishedusingelectricaltrace heaters.

Rejectheat from thepowerconversionsystemsare transportedto the radiatorpanelsby

a NaKpumpedloop. The radiatorpanelsuse carbon-carbonheatpipeswith potassiumas the

workingfluid and a thin metal niobiumliner to preventcontactbetweenthe potassiumand the

carbon-carbon structure.

The powerconditioningelectronicsand shuntdissipatorsare locatedon a remotepower

processingmodule. The shuntregulatorprovidesvoltageregulationon the nominalbussoutput

and is capableof load followingwithoutrestrictionas long as loadsdo not exceedthe power

generationcapability.

KEYISSUES

The key systemsissuesare summarizedin Table H-1. Dueto priordevelopmentof the

SP-100TE system,the developmentcosts and risks shouldbe relativelylow for dynamicSP-

100 systems.

TABLEH-1.KEYISSUES,IMPACTS,ANDDEVELOPMENTAREAS

Issues

Safety of nuclear
systems during
operation
Lunar/Mars
Environment

Impacts

• Increase in system mass for shielding -
may be especially significant if in-situ
materials are not used

•Refractory metal lifetime
• Increased system mass

=otential Development Areas

• Use of in-situ materials
for shielding or 4[1 shield
designs

• Coatings, getters, liners,
dust protection
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TECHNOLOGYASSESSMENT

The technology bases

assemblies:

were assessed for the following major

SP-100 space power reactor;

power conversion devices;

radiator; and

power processing and control system (PP&C).

Dynamic SP-100

The current technology readiness of each assembly and the estimated technology readiness at

program start (year 2001 or beyond) were evaluated using the NASA technology readiness

levels. It was assumed that the SP-100 TE power system and several key components (1300 °K

SC PCU, carbon-carbon radiator, PP&C) would be developed to at least level 6 prior to program

start. These evaluations are summarized in Table H-2. The technology base for each assembly

is briefly discussed in the following sections.

TABLE H-2. DYNAMIC SP-100 TECHNOLOGY ASSESSMENT

Assembly

SP-100 Reactor

PCU (1300 °K)

Radiator
PP&C

Current
Technology
Readiness

Levels

4/3/3*

4/3 *°
4

Program Start
Technology

Readiness Levels

4/6/3*

6 (.C-C)
6

*Brayton cycle/Stirling cycle/potassium Rankine cycle.
•*Metal heat pipe/carbon-carbon heat pipe.

Currently
program

Comments

funded development

,.
CBC-good previous experience,
DIPS; SC-Rapid progress on current
NASA programs; PRC-no currently
active development; 1300 °K
materials proven
Currently under development
SP-100 program; Space Station
technology
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SP-100 SDace Reactor State-of-the-Art

The SP-100 power reactor is actively

corporation under a joint DOD/DOE/NASA program.

being developed by the General Electric

Considerable progress has been made in the

development of the fuel pins and reactor components.

A fuel pin irradiation testing program has demonstrated the capability of the generic

flight system fuel pin to meet performance requirements that call for full power operation to

about 6.0 atom percent burnup for seven years. Irradiation tests have included UN fuel pins

with Nb-lZr cladding the W or Re liners, Re liners bonded to Nb-lZr cladding, and Re cladding.

The accelerated tests (fluences and burnup levels are achieved in a fraction of the actual service

durations) will provide the information required for formulating the analytical models and

validating the fuel pin design.

Nuclear assembly fabrication development was investigated and a process to extrude

nozzles in the inlet/outlet nozzle course portion of the reactor vessel. A demonstration nozzle

has been formed to the correct dimensions by the extrusion process at room temperature.

Nb-lZr weld specimens have been exposed to lithium to evaluate the effect of welding

atmosphere purity and post weld heat treatment on the sensitivity to lithium attack at grain

boundaries. Results of the tests indicate that the welds containing bulk oxygen contents greater

than 176 ppm experienced lithium attack at the Nb-lZr grain boundaries. No attack was

observed for bulk oxygen levels less than 140 ppm. The results of this work indicate that if low

oxygen levels are maintained during welding, the potential for lithium attack is essentially

eliminated.

Nondestructive examination methods continued to be developed and improved with most

efforts being concentrated on support of the barrier fuel program. Production techniques for

nondestructive testing of bonded fuel tubes were developed. A microfocus rod anode X-ray

system was used in conjunction with ultrasonic testing to evaluate the detection of defects in

various weld configurations.
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A reactor flow test was completed including test article fabrication, test planning, and

the completion of a comprehensive series of tests. Results of the test program provide

important fuel assembly hydraulic design correlations as well as a validated orifice sizing

procedure. The technology readiness level of the SP-100 reactor assembly is judged to be at

level 3. Sufficient background work has been done to enable the fabrication and testing of a

breadboard model to be started.

Potassium Rankine PCU State-of-the-Art.

In the 1960s, a large amount of work was done on Rankine PCSs for space power that

used potassium for the working fluid. By 1970, the level of work had been greatly reduced. In

terms of high temperature test hours, the largest contributors to boiling potassium research

and development were AirResearch, General Electric, ORNL and Pratt & Whitney.

Table H-3 lists these organizations and summarizes the hours of operation on various

systems and components for both potassium and cesium. Subtotals for the boiling corrosion

subsystems, component test boiling subsystems, simulated Rankine cycle power plant

subsystems, and the total operating time for all boiling subsystems are presented. The

dimensions of all the components in the simulated subsystems were proportioned to provide

operating characteristics and responses similar to those expected in the operation of a Rankine

cycle space power plant. This is the major distinguishing feature between the simulated and the

component test boiling subsystems. The total operating time for each component operated in

these subsystems is also provided. Note that the total amount of operating experience at each

installation is smaller than the sum of the operating concurrently for all of the components

because two or more components were operated in each subsystem.

The major attraction of the potassium Rankine PCS is that it is compatible with higher

source temperatures. This potential provides the higher Carnot efficiency and higher overall

efficiency since the device efficiency can be expected to be about 40% of Carnot.
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Several potassium Rankine system conceptual designs exist but none have progressed

beyond the drawing board stage. The technology rating of potassium Rankine power conversion

is judged to be approximately 3.0.

TABLE H-3.OPERATING TIMES WITH POTASSIUM AND (_.SIUM POWER L'_NYERSION SUBSYSTEMS AND COMPONENTS
AT TEMPERATURES ABOVE $10"K

Boiling sysWms
Then=a] convection
Forced ¢oavectJoe

One loop
Two loops

Subtoutl

Therm=d convection
Forced _vectice

Cc_ent Test Systems (Boiline'J

Oco loop
Two

loops
Subtotal

Simulated Power Plato SyF,_m=

o. b=,p
Two k,_to.

Subtotal

Tood for all boilin8 systems

BoiL-rs
<35 kW
>35 kW

Subtotal
Turbines

K lubricatin I bem'inls, <I0 kW
K lubrictin I besriols, >I0 kW
Oil lubricatin| _, >lO kW

Boiler reed pumps
Elect;omqneti¢
Turbls=-drivea coatriful=l

Radiator

Cmx_ser. Ikluid metal loop
Coodeamr - _ ¢oobd

Coademer - rsdimo¢ (combined)
Subtotal

Ek_*_riad lem_rNm"
Ope_xion in poumslum vapor
External loaf d_vim

Pumps in ,el-liquid s)stemJ
Potassium reals
Seal te6t

nearms =m riZ

Po_ssiufn S 5te=ns _ Cesium S' Ita, ns

AGN_ AS" Allis°n_' I GEm I JPL* NASA _ P&WA s RD' UNO _L. = _ WAm

! 10,50 i 43,600 12,00C 420

1,300 14,')00 1,100 2,000
5.00( 5,000

1,300 15,$0q 62,$00 12,000 I,I00 2.000 420

10O 5.000

9OO

100 5,900

100 7,200

1,3_
1_ 5,9OO

I_ 7,200

3.000'
5O'

100 7,200

$.900
t00 1,300
100 7.200

50

5,900
3,050"

100.0OC

53,0O0 3,00C

11.90( 2,800 3,600 200
7.70( 400 1.300

600
19.60( 1,000 2,800 4,900 200

10,200
1,000
1.00O 10,200

35.10( 1.000 1,000 7S,100 16.900 200

1,000 71,400 16.900
15.50( 1.000 4,400 200

19,60( 1.000 1,000 75,800 16,900 200
35.10(

i,1_ 4,$0O 420

5.000* I00

5.100

3.6OO 1.000 26.9O0 I
24.60(] S.000*I

6OO

600 5.00O I
2.50O 43.600 I

16.100 1,000 400 27.200 I

16,$00 1,000 1.600 75.100]
35,100

1,100 4,50O 420
1.100 4.$00 420

4,900 200 3,000 1,10O 4.50O

4,900 2,00

12,000 1.100
16,900 200 1,100

53,000 3,600 1.600 6.1001 1.300 1.600 3,000
18.600
5.101Y

3OO

Imtrumeated 3.000 e

Slash bern'lag e.ndunmm rest 300

aAcm*jet-GatesM Nucleonics; San Ksm'_'--CA.'_

bAUied Sigmd; Phoenix, AZ m_d Lot Anlleles , CA,

cAllimn Divisioa of Gamral Minors; Indianapolis, IN.

dC,cna_macuic_y; Cincin_OH.
eJct Pmpulsi_m Laboratory; Pmmdem, CA.

fNatioml Aeronaut_ snd Spaoc Adminis_ti_t; Oeve,hnd, OH.

IOak Ridge National Laboratory;, Oak Ridge, TN.

hPrtu and Whimcy Aina_ (CANEL); Middlctoma, C'r.

.iRockccdyn¢; Canosa Pa_ CA.

_Un/t=d Nucte, m. White Pla_. NY.

kBrook/mva't National Laboratory;, Upton, Lonll Island,NY.

mWestinghouse Astmnuclea_, _ PA.

4.5OO I 1,600

,.50o ,20 I
t,500 *20 ]

rrhe time shown for b_er feed pump, potassium seal and trot bearing wM accumulated during operation d the msbine indicated in that column.
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_rayton Cycle PCU State-of-the-Art.

The closed cycle gas turbine Brayton PCU is adaptable to a wide range of applications and

power levels. Practical competitive systems have been designed and/or built for space,

terrestrial, marine, and underwater environments with power levels ranging from 500 watts

to more than 500 Megawatts. Input thermal energy can be from solar, nuclear, and fossil or

chemical combustion with waste heat rejected to the environment by a wide variety of methods.

The major reason for interest in the closed Brayton cycle is its high demonstrated efficiency,

simplicity and mature technology. Commercial combined cycle machines have been constructed

with overall cycle efficiencies of 50%. Low temperature space power units (e.g., DIPS) have

cycle efficiencies in the 20 to 25% range. Selection of the system operating points is usually

done on the basis of minimizing system mass while observing sensible design limits for the

different components.

During the late 1960s and 1970s, NASA conducted several near-prototypical

development programs using Brayton rotating machinery and accessories. These included the

Mini-BRU, the CRU and the BRU. Four "B" engines were built using BRUs with 1144 °K TIT

capability were developed under NASA contract by Garrett Corporation (now Allied Signal) and

sent to NASA LeRC for performance and endurance testing. The purpose of these tests was to

demonstrate the technology for space application of the closed-cycle Brayton engine. One of

these engines accumulated 38,000 hrs of successful operation, while achieving cycle

efficiencies of 30 to 33%. The two units tested met or exceeded performance objectives with no

detectable performance degradation during endurance testing.

Although low temperature CBC PCUs are well developed (TRL of 5), high temperature

CBC PCUs are yet to be built. Existing refractory-metal alloys are available that will be

suitable for high temperature operation (though they must be protected from the Martian

environment). PWC-11 (Nb-IZr-0.1C) is now being exploited under the SP-100 program

(Ref. H-l). JPL and Los Alamos National Laboratory will operate PWC-11 as reactor-fuel clad

at 1400 °K. The U.S. has a great deal of experience with Nb-base refractory-metal alloys. This
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includes use of Nb-lZr in the Brayton solar-heat receiver to C-103 (Nb-10Hf-1Ti-0.72r)

in both the Heat Source Assembly and the turbine for the Mini-Brayton powerplant. Thus, the

1300 °K CBC PCU was given a technology rating of 4 (Refs. H-1 and H-2).

Stirlina Cycle PCU State-of-the-Art.

Major interest for space based power systems has been centered on the free piston

Stirling engine (FPSE). The FPSE concept was first invented in the U.S. in 1963. NASA has

been sponsoring an extensive test program of several free piston Stirling engines with linear

alternators built by Mechanical Technologies Incorporated (MTI). The NASA Stirling Space

Power Converter Program originated in 1984 as part of the SP-100 program. A summary of

the test times accumulated on these engines is given in Table H-4. One engine, the EM-2 has

accumulated over 5000 hrs in tests at MTI.

The currently funded NASA FPSE program will result in a space capable 1050 °K FPSE

by 1996 (Ref. H-3). The ultimate goal of the space FPSE program is to develop the technologies

for a refractory metal Stirling power converter with a hot end temperature of 1300 °K and a

cold end temperature of 650 °K. The NASA approach is to take the 1050 °K superalloy

technology and to evolve into 1300 °K technology by direct substitution of refractory materials.

The Materials Division at NASA LeRC has substantial experience in the application of refractory

materials and has been developing materials for use in the hot components of the SP-100

reactor. The Materials Division has compiled a list of refractory material candidates as seen in

Table H-5. The LeRC ratings for each alloy as to joinability, fabricability, availability, and

data were rated by NASA on a scale of 0 to 10 with 10 being the best. A NASA contract with MTI

called for the refractory design to be carried through the conceptual design phase during FY'91.

Funding for full scale development of the 1300 °K machine will be included under the

Exploration Technology Program, scheduled for initiation in 1993 (Ref. H-3).

The success of this technology depends upon supporting research and technology efforts

including heat pipes, bearings, refractory metal joining technologies, high efficiency
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alternators, life and reliability testing, and predictive methodologies. Based on the FPSE

experience base and the NASA plans for the high temperature FPSE, the 1300 °K FPSE is given a

technology readiness rating of 3.0 (the 1050 °K machine has a rating of 4.0 per Ref. H-4).

TABLE H-4. FREE PISTON STIRUNG ENGINE ACCUMULATED TEST TIMES

Engine

RE-1000
EM-2
SPDE
SPRE-I

ISPRE-II

I Test Hours

280 (NASA)
5385 (MTI)

253 (MTI)
349 (NASA),

74 ,(MTI)
333 (MTI)
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Base
Material

W

Ta

Mo

Mo/Re

Nb

TABLE H-5. REFRACTORY METAL CANDIDATES FOR 1300 OKSTIRUNG

AIIoy Name Composition Melting Density Join- Fabric-
(wt%) Point (kg/m =) ability ability

(°K)
W-25Re-HfC 24-26% Re 1380 19,300 5 4

1% HIC
ASTAR-811C 8% W 3270 16,600 8 8

1% Re
1% HfC

TZM 0.08% Zr 2880 10,200 2 8
0.5% Ti

rzc 1.25% Ti 2880 10,200 2 6
0.1% Zr
0.15% C

Mo-47.5Re 47.5% Re 2780 15,500 8 6
bal. Mo

FS-85 11% W 2740 8,600 8 8
28% Ta
1% Zr

B-88 27% W 2740 8,600 7 7
2% HfC

C-103 10% Hi 2740 8,600 10 10
1% Ti
0.7% Zr

PWC-11 1% Zr, 2740 8,600 1 0 1 0
0.1% C

Nb-lZr 1% Zr 2740 8r600 10 10

Alloy
Avail-
ability,

4

10

10

10

8

5

4

10

10

10

Data
Avail-
.ability

3

5

4

4

3

4

2

7

7

8

H-16

J

I
i



DYNAMIC SP-100 POWER SYSTEM TECHNOLOGY ROADMAP

Radiator State-of-the.Art

Presently, Rocketdyne division of Rockwell International is involved in the development

of a carbon-carbon (C-C) or graphite heat pipe radiator panel. Rocketdyne has a NASA contract

entitled "SP-100 Advanced Radiator Concepts" which started in 1987 and is part of the CSTI

(Civilian Space Technology Initiative) program. This program will be completed in January of

1993. This program involves development of a C-C heat pipe suitable for use in an SP-100

radiator. However, this technology will be suitable for other radiator applications as well

including dynamic power systems. The hope is that this program will develop generic

technology which can be used for all future space radiators because of its reduced mass

compared to metal heat pipe radiators. Carbon-carbon is a new structural material which

requires different fabrication techniques than for metals or composites. A key objective of this

program is to demonstrate the ability to fabricate C-C heat pipes with a thin metal liner, wicks,

caps, and fill tube. The brazing technique required to attach liners is the same as would be

required to attach manifolds to the heat pipes. Heat pipes filled with potassium will be designed,

fabricated, and tested during this program. Thermal cycle testing will be done in a vacuum to

demonstrate the integrity of the heat pipes.

The current technology level of the radiator subsystem is estimated to be about 4 for the

metal heat pipe radiators and about 3 for carbon-carbon heat pipe radiators.

PP&C State-of-the-Art

The electronic component technology required for the PP&C equipment is being developed

for future power system applications under the SP-IO0 and Space Station Freedom Electrical

Power Subsystem (SSF EPS) programs. Currently available analytical and design technologies

will be used along with radiation hardness testing. Radiation hardened high reliability Class S

parts will ensure that a reliable and low risk power processing and control system is provided.

Rockwell is currently developing the SSF EPS, and this technology is directly transferable to

Dynamic SP-IO0 lunar and Mars surface power systems concepts. The use of multiple buses,
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components for the switching of loads, and switching of subassemblies within the power

assembly are technologies common to the two programs.

Several active efforts are underway to develop expert system techniques for real-time

control applications. These include a design for the evaluation of Space Shuttle Main Engine

(SSME) performance, sensors and data processing for fault detection, and the electrical load

power allocations in the SSF electrical power subsystem. The algorithms for power scheduling

and balancing on the space station are in development. Expert system software for the SSF

electrical power subsystem is being developed using the ADA environment. This work includes

implementing and evaluating an ADA based inference engine, which will enable an expert system

to run on standard microprocessors for SSF applications.

The required technology for the control and data acquisition functions currently exists,

and the technology for autonomous control is under active development for Space Station

Freedom (SSF), ESSA and other space power programs. The need for radiation hardened

components with these capabilities remains to be demonstrated, which results in a technology

rating of 4.0 for the PP&C subsystem.

MAJOR DEVELOPMENT TASKS

The technology level of Dynamic SP-1O0 components is expected to range from 3 to 6 at

the beginning of full scale development. Most of the remaining work will be in system

integration, qualification, and acceptance testing. The development and testing currently

envisioned is briefly described in the following sections.

Task 1. Intermediate Heat Exchanoer flnteoration of Reactor and PCU)

Ob!ectives: Develop an interface between the heat source and PCU to allow heat transport.

Statement of Work: Develop and test an intermediate heat exchanger for transferring heat from

the reactor cooling loop to the PCU.
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Task 2. Power Conversion Unit Development

_: Complete development of power conversion devices which meet the desired

performance and life requirements.

Statement of Work: The following task descriptions apply, depending on the PCU selected:

Potassium Rankine PCU. A significant amount of the enabling technology for potassium

Rankine power conversion exists, but particular components have not been designed in any

detail for many years. Test loops, materials specifications and performance parameters for

virtually all potassium Rankine power system components will require development.

Brayton Cycle PCU. Develop a 1300 °K refractory alloy heat engine based on the CBC

PCU for the Dynamic Isotope Power System.

Task 3. Radiator Integration With PCU

Obiectives: Provide a means for removing heat from the PCU and transporting the heat to the

main radiator.

Task Description: Design and test a heat exchanger and heat transport loop from the PCU to the

radiator panels.

Task 4. Ground Enqineerino System fGES) Testing

Objectives: Complete the system design. Verify all performance characteristics of the unit in

conjunction with subjecting the GES to MIL-STD-1540 acceptance level tests. Verify adequate

system life.

Statement of Work: As a cost reduction measure it has been proposed that GES testing be

dispensed with and that space reactor power programs proceed to the flight qualification phase

after the component development needed to support final design has been completed. Acceptance

of this approach by the technical community is not certain as of this writing, therefore, a

discussion of GES testing is included as part of the overall development of a space reactor power

system.
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After assembly, the GES will be pressure and leak checked, as appropriate, a complete

electrical check-out will be performed, and all active devices will be checked out to the extent

possible.

Performance and thermal vacuum tests will be conducted during a single thermal

Thevacuum test sequence to demonstrate technical capabilities while minimizing program cost.

performance evaluation will consist of the following major activities:

Check out and refine subsystem assembly procedures;

check out procedures for loading and filling the reactor coolant subsystem;

verify operation of ground support equipment (GSE) and interfaces between GSE
and the GES;

check out ground cooling systems as required;

verify start up capability;

verify steady state performance characteristics;

establish effective operating range of the system;

check out software and verify autonomy (include all operational modes and
simulate failure modes);

simulate normal switchover from one PCU to another;

simulate failures to trigger PCU switchover; and

establish system sensitivity to off-normal conditions such as: (1) partial loss of
radiator cooling, (2) varying radiator heat removal profile, (3) partial loss of
electronic cooling, and (4) temporary losses of heat sink with varying duration.

The MIL°STD-1540 test sequence will integrate acceptance level and design margin tests as

appropriate up to qualification levels, to provide a technically sound, minimum cost approach.

When the performance, acceptance, and margin tests are complete, the GES will be

refurbished and placed on a multiyear life test. Instrumentation will be installed to provide a

comprehensive diagnosis of the "health" of the GES and to monitor for degradation of major

assemblies and individual components. The GES will be operated at its nominal operating point,

with expected GES variations in power output and environment.
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The GES will be disassembled for diagnosis at the end of the life test. Specific areas to be

examined will be determined by an analysis of the health monitoring data and from the

reliability analysis predictions.

Task 5. Qualification Proaram

Ob!ectives: A comprehensive performance and dynamic testing program for assemblies and the

complete system will provide a formal demonstration that the Dynamic SP-100 system will

perform as designed after being subjected to simulated launch conditions. A low-risk approach,

incorporating qualification of individual assemblies, followed by qualification of a complete

system, termed the qualification unit (QU), characterizes this program.

Statement of Work: The required qualification tests for the assemblies of the Dynamic SP-100

system are those specified in Section 6.4, "Component Qualification Tests", of MIL-STD-

1540B. For the QU, the required qualification tests are in Section 6.2, "Space Vehicle

Qualification Tests", of MIL-STD-1540B. Qualification will be to launch environmental

conditions selected to envelope the probable intensities developed by various launch scenarios.

The overall approach, starts with qualification of assemblies. Qualified production items

are then fabricated and assembled into the QU which is then qualified by the rules for space

vehicle qualification. This approach minimizes the risk that some assembly of the QU will fail

during the qualification test sequence, thereby nullifying the qualification, and requiring

backtracking to recover from the failure.

Performance testing at each level will be conducted to verify that each item performs as

designed. The qualification item will be similar to the corresponding engineering item and,

therefore, performance testing will be less time consuming.

Dynamic testing will be performed per MIL-STD-t540B, to verify capability of the

Dynamic SP-100 system to withstand launch loads, including acoustic, pyroshock and

vibrational.
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The performance and dynamic qualification test sequence for components and assemblies

is shown in Figure H-6. Fabrication, assembly, checkout, and testing of the QU will be similar

to the corresponding operations for the GES and therefore, will benefit from the experience with

the GES. Test facilities for component and assembly qualification testing will be the same as

those for the assembly level testing of the EU test program.

When qualification testing is successfully completed, the QU will be partially

disassembled, examined, refurbished as required and modified for endurance testing in air, as

described for the GES. The unit will be scheduled for life testing for nominally 1-1/2 years as

a basis for estimating program costs. The period can be extended if required.

Func_onalCheck
Electromagnetic HCompatibilityTest

PressureTest

AcousticLoading
Test FunctionalChed_

H PyroshockTest F

Func_onalCheck
ThermalBalance H

Test Funclk_ Check
_ ThermaJ-Vacuum

Test

Figure H-6. QU test sequence (per MIL-STD-1540B).
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Task 6. Flight System Proaram

Objectives: Produce, acceptance test, and deliver one or more flight systems.

Statement of Work: In the flight system programs, parts will be fabricated, acceptance tested,

and assembled. Systems will be subjected to acceptance testing per MIL-STD-1540B guidelines

before shipment to the launch site. The same test facilities (vacuum chamber, vibration,

acoustic) that were used for the qualification program would be used for flight system

acceptance testing. The flight phase of the program also will include the safety studies and

reports necessary to obtain launch approval.

DEVELOPMENT SCHEDULES

The SP-100 program is currently funded but has been experiencing year by year

funding reductions, which are resulting in significant schedule slippage. Resolution of the

funding question will become more apparent with the identification of a specific mission. A

significant amount of development work has been accomplished and the program is considered to

be nearly ready to start preliminary design.

Figures H-7 through H-9 present development schedules for the Dynamic SP-100

system with a SC PCU, CBC PCU, and PRC PCU, respectively. This roadmaD assumes prior

develoDment of the SP-100 TE system, a 1300 °K SC PCU. a carbon-carbon heat Dioe radiator.

t_EcL._. The different PCU systems will take different development times and will affect

the overall system development schedule. The SC Dynamic SP-100 is expected to take the least

time (9.5 years) due to prior component development. The potassium Rankine PCU is expected

to require three more years (13.5 years) to develop than the CBC PCU (10.5 years). The

development times do not include the time to modify the system for use in the Martian

environment.

The GES will be similar to a flight system but will have features such as additional

instrumentation and readily removable components to expedite gathering of engineering data and

to permit modification of components. It will be tested in a vacuum chamber under normal and
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off-normal design conditions. After this phase of testing, it will be partially disassembled,

examined, refurbished as necessary, and put on life test, nominally for three years.

The qualification phase includes design, fabrication, assembly, and qualification testing

of individual components, and a complete system. The design effort will be minimal since it

would involve only minor modifications to the GES design.

The flight phase of the program includes fabrication, assembly, and acceptance testing of

the flight units and the associated safety analysis to obtain launch approval.
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TASKS

COMPONENT PROGRAM

Reactor/PCU Integration

Radiator/PCU Integration

GES PROGRAM

System Design

System Fabrication

System Development Testing

QU PROGRAM

System Design

Component Qualification

System Qualification

FU PROGRAM

Fabrication and Assembly

Safety, Acceptance Testing,

Launch, Launch Support

YEARS AFTER PROGRAM START

1 2 3 4 5 6 7 8 9 10

3
I

13

1

Performance

] 6 T_;ngo_*_
Complete

Life Testing

Complete

Fabricate and Test

Fabricate and Test

Start Component
Fabrication

VVc 

I I

I

Start System
Fabrication

8

I

Launch

Ship I

!

*Numbers denote NASA Technology Readiness Levels

!9

Figure H.7. SC dynamic SP-100 development schedule.
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TASKS

C_ENT PROGRAM

Reactor/PCUIntegration

CBC PCU development

Radiator/PCU Integration

GES PROGRAM

System Design

System Fabrication

System Development Testing

QU PROGRAM

System Design

Component Qualification

System Qualification

FUPROGRAM

Fabrication and Assembly

Safety, Acceptance Testing,
Launch, Launch Support

YEARS AFTER PROGRAM START

1 2 3 4 5 6 7 8 9 10 11

e

4

)
Ufe Testing

/
!

PerformanceVc=
TestingComplete

I !

Life Testing

Complete

V
r--..---i

Fabricate and Test I I

Fabricate and Test I 18

Start Component Start System
Fabrication Fabrication

PSAR V

I

Launch

Ship

SA

*Numbers denote NASA Technology Readiness Levels

Figure H-8. CBC dynamic SP-100 development schedule.
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Figure H-9. PRC dynamic SP-100 development schedule.
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